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The Role of Microstructure in the Atmospheric Corrosion of 
Selected Light Alloys and Composites 
M. Esmaily 
Chalmers University of Technology 
Abstract 
Magnesium-aluminum (Mg-Al) alloys, Mg-based metal matrix composites (MMCs) and Al alloys 
are among the best material candidates for future lightweight solutions. However, the use of these 
materials is limited by a number of issues, including the ability to resist corrosion. For example, 
Mg alloys and Mg-based MMCs exhibit relatively poor corrosion resistance in many environments 
and there are issues in the corrosion behavior of Al alloy weldments. This thesis aims to provide 
new knowledge on the role played by microstructure for the corrosion properties of light materials.  
The corrosion studies are done using well-controlled laboratory exposures and lasted 10-3200 h.  
The rate of corrosion is determined and the composition of the corrosion products is investigated 
using several techniques. The alloy microstructure and the microstructure of corrosion are analyzed 
using a wide range of techniques, including TEM/EDX/EELS and statistical approaches. Cross 
sections and thin foils are produced using BIB and FIB milling methods.   
The atmospheric corrosion of several Mg-Al alloys is investigated and the influences of various 
environmental parameters, such as exposure temperature, relative humidity (RH), chloride ions, 
CO2, and SO2, are studied. Alloys produced by the newly developed rheocasting (RC) technique 
are found to be more corrosion resistant than their high pressure die-cast (HPDC) counterparts. The 
superior corrosion resistance of the RC materials is explained in terms of differences in the alloy 
microstructure, based on a systematic characterization of the micro-constituents at macro, micro 
and nanoscales. The rate of corrosion decreases with increasing Al content. The atmospheric 
corrosion of Mg-Al alloys exhibit a strong positive correlation with temperature. It is proposed that 
the temperature dependence of corrosion is linked to the chloride-assisted breakdown of an Al3+- 
rich layer, which is detected in the bottom part of the surface film formed on Mg-Al alloys.  
Mg-Al alloys-based MMCs are also produced by the RC method. The microstructure of the 
composites is investigated and the products the interfacial reactions are identified. The reaction 
products include a hitherto unknown Al carbide (AlC2) and MgH2. The MMCs corrode faster than 
the monolithic alloys. However, it is shown that the corrosion resistance of Mg alloy-based MMCs 
can be improved by selecting appropriate process parameters. 
The corrosion behavior of an Al alloy (6xxx series), which is welded/processed using friction stir 
welding (FSW), and its variants bobbin friction stir welding (BFSW) and friction stir processing 
(FSP) is evaluated. The thermal history of the specimens is investigated in detail. Not unexpectedly, 
the heat affected zones (HAZs) are most susceptible to the atmospheric corrosion. Interestingly, it 
is demonstrated that the extent of corrosion in the HAZ is proportional to the size of iron- and 
silicon-rich intermetallic particles in the stir zone (SZ). The formation of intermetallic compounds 
(IMCs) in Al/Mg dissimilar FSW joints is also studied.    
Keywords: Mg-Al alloys; Mg alloys-based MMCs; Al alloy 6xxx; atmospheric corrosion; galvanic corrosion; Al 
content; microstructure; intermetallic particles; casting; FSW/P; BFSW.  
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CHAPTER 1 Introduction 
 
We don't regard any scientific theory as the absolute truth. 
Kenneth R. Miller an American cell biologist and molecular biologist. 
 
1.1.  Background 
The change in our climate is now a major concern of all nations [1]. The polar ice caps are 
melting and sea levels are rising due to an increase in the average temperature of the earth’s 
atmosphere and oceans, as well as an increase in the level of hazardous emissions, see Fig. 1.1. 
These issues are of great concern since low-lying countries could be flooded, and extreme 
weather conditions could cause major disasters and damage. It is now widely-accepted that 
climate change can be attributed to the combustion of fossil fuels. Carbon dioxide, CO2, is the 
gas considered to be mainly responsible for global warming [2]. Thus, a key issue is to reduce 
fuel combustion and, thereby, reduce CO2 emissions. 
  
 
Fig. 1.1. Concentration of atmospheric carbon dioxide and the annual global temperature anomaly [3]. 
 
In addition to the above issues, we have an obligation to prevent excessive use of finite 
resources, which also belong to coming generations. Manufacturing lighter components is an 
effective way to reduce demand on resources, increase energy efficiency, and reduce 
greenhouse gases emissions. It is obvious that this is already underway in e.g., the transportation 
industry, where the demand for lightweight products is ever increasing. For instance, in today’s 
automobiles, many components, such as the crank case, camshaft sprocket, gearbox housing, 
several covers, and the arm of the electric generator, can be replaced with light alloys [4]. 
Magnesium (Mg) and aluminum (Al) alloys are used to replace steel in order to meet the 
imminent demand for decreasing the weight of engineering components. Simultaneously, from 
a sustainability point of view, the use of metal matrix composites (MMCs) has to increase to 
meet the requirements for more demanding applications.  
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The economic benefits of lightweight materials are also tempting. As an example, a weight 
reduction of just one Kilogram (Kg) in a commercial aircraft results in fuel savings of ~ 10,000 
SEK (~ 1150 US $) during its life cycle [5]. When taking the air pollution-related diseases and 
injuries into account, it becomes apparent that any reduction in the consumption of fossil fuels 
becomes highly cost effective. Thus, there have been significant research initiatives within the 
lightweight construction materials arena around the globe during the last decade. Countries, 
such as Britain, Germany, USA, and Japan, have undertaken major national research in this 
field. Sweden, a strong industrial nation with several leading companies that manufacture cars, 
aircraft and marine vessels, is also aware that this field is of crucial importance for the Swedish 
job market and exports. It is worthwhile to mention that, according to [6], at least 50% of 
Sweden´s exports are dependent on lightweight materials.  
Lightweight technology includes a wide range of materials, manufacturing processes, as well 
as joining techniques. All the sectors are closely linked to Materials Science and Engineering, 
where the properties/performance (e.g., corrosion, and mechanical properties) of materials are 
studied in relation to processing parameters and to their microstructures (Fig. 1.2). As 
mentioned above, Mg alloys (exhibiting low weight, and high specific strength), Al alloys 
(exhibiting low specific weight, high corrosion resistance, and desired mechanical properties), 
composites (exhibiting the "combined-properties" of materials), as well as mixed materials 
(e.g., Mg/Al joints) are expected to be employed in many future engineering parts.  
 
Fig. 1.2. Examples of materials, manufacturing and joining techniques for lightweight solutions. The lower 
part of the figure (the ''pyramid of materials science'') is based on [7].  
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Among the processing techniques used for producing metallic compounds, casting, and metal 
forming techniques (e.g., extrusion) play crucial roles in lightweight technology. Finally, 
joining/welding techniques are also necessary for producing lighter components. 
This thesis is connected to the development of future sustainable lightweight solutions. The 
overall goal is to impart a deeper understanding of the atmospheric corrosion behavior of 
several light metallic materials including Mg alloys, Mg alloy-based composites and Al alloys. 
The majority of the thesis concerns the relationship between the microstructure and corrosion 
properties of cast Mg alloys and Mg alloys-based composites. In addition, the microstructure, 
corrosion properties, and, in a few cases, the mechanical properties of extruded, welded and 
processed Al alloys are studied.  
This Chapter contains four main introductory sections:  
 The first section provides general information on the atmospheric corrosion of 
metallic materials.  
 The second section is dedicated to Mg and Mg-Al alloys, their microstructure 
and corrosion properties. It also provides the current views regarding many 
aspects of Mg- and Mg alloys-corrosion, e.g., types of corrosion, the role of 
micro-constituents, and composition of the surface film.  
 The third section describes general information regarding the importance, 
microstructure, and properties of the Mg-based composites.  
 The last section covers the microstructure, mechanical and corrosion properties 
of Al-Mg-Si alloys in general, and Al alloy 6005-T6 in particular. In addition, 
it describes the concepts of friction stir welding/processing (FSW/P) and 
bobbin FSW (BFSW), as well as the corrosion properties of Al and Al alloys 
weldments. It also covers potential applications of FSW/P and BFSW for Al 
alloys and for dissimilar Al/Mg joints.  
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1.2. Atmospheric corrosion 
Corrosion is a naturally occurring phenomenon, which is frequently described as the 
deterioration of a metallic material or its properties due to a reaction with its environment. 
Corrosion destroys metallic materials by converting them into oxides, hydroxides, or other 
types of corrosion products [8, 9]. Metals exposed to the ambient atmosphere tend to suffer 
atmospheric corrosion. Atmospheric corrosion depends strongly on the availability of water on 
the metal surface, and little or no corrosion occurs under a ''dry'' condition.  
The role of water is connected to the thin protective oxide film that forms on the metal surface 
in dry air and that protects the metal against further oxidation. The protective oxide can dissolve 
in liquid water (hydrolysis). Once the oxide film has been destroyed, electrochemical corrosion 
can ensue, where the anodic dissolution of metal is coupled to the cathodic reaction of an 
oxidant (O2 or H2O), with the aqueous solution acting as the electrolyte. Hence, atmospheric 
corrosion occurs in the presence of rain, fog, dew, or when condensation occurs. However, it 
may be noted that a clean metal surface can suffer corrosion even in the absence of liquid water, 
i.e., in relative humidity (RH) < 100% [8-10].  
Corrosion is extremely costly and has a major impact on the economies of industrialized 
nations. In the USA, it has been estimated that the direct cost of metallic corrosion is $276 
billion on an annual basis. Atmospheric corrosion is probably the most visible of all corrosion 
processes, e.g., rusty infrastructure, cars, and buildings [10]. The economic losses caused by 
atmospheric corrosion are tremendous, and account for the consumption of a significant portion 
of all metals produced. Apart from economic losses, atmospheric corrosion deteriorates 
culturally important monuments and other objects, resulting in irreparable damage to our 
cultural heritage [9]. In all, atmospheric corrosion has reportedly accounted for more failures 
in terms of cost and tonnage than any other type of material degradation process [9, 10].  
The atmospheric corrosion behavior of a metal differs from one geographic site to another since 
it involves many interacting factors, e.g., climate conditions (including RH, temperature, and 
ultraviolet (UV) radiation), and pollutants (including sulphur dioxide (SO2), nitrogen dioxide 
(NO2), sea salt, and acid rain) [8]. Moreover, corrosion is accelerated in the presence of 
deliquescent salts. As an example, sodium chloride (NaCl) from the use of de-icing salts used 
during winter-time also is known to have a strong impact on corrosion [11] 
In the 1970s, corrosion scientists started to classify outdoor testing stations according to the 
type of corrosive environment, e.g., Table 1.1 [12-15]. Considering the major applications of 
light alloys (i.e., automotive, building, and aerospace industries), they are normally exposed to 
ambient atmospheres. Thus, the atmospheric corrosion behavior of light metals and alloys has 
been the subject of numerous studies during the last century [18-23]. These studies have aimed 
to understand and characterize the roles of various environmental factors in the corrosion 
behavior of metallic materials. As early as the mid-1920s, for instance, Wilson reported on the 
environmental degradation of electrical cables made of an Al alloy that had been exposed on 
the roof of King’s College, London, for more than 20 years [24].  
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1.2.1. Environmental factors 
Relative Humidity (RH) In the absence of rain, the rate of atmospheric corrosion strongly 
depends on RH [25-27];  
        RH = (PH2O /  PoH2O) × 100  Equation (1.1) 
where the RH is the ratio of the partial pressure of water vapor, PH2O, to the saturation vapor 
pressure of water, PoH2O, at a given temperature. At room temperature, air is considered to be 
dry (RH < 30%), normal (50 < RH < 70%), humid (RH > 70%) or saturated (RH = 100%) [10]. 
The ''dew point'' is the temperature at which RH = 100% [26].  
Table 1.1. Classification of outdoor atmospheres, their characteristics and aggressiveness [12-14].  
 
Atmosphere General characteristic Rank of 
aggressiveness 
Rural Low pollution levels, inorganic dust, e.g., CaSO4 & CaCO3 1  
Tropical  Low levels of pollutants 
High RH (> 80%), exceptional cases (high RH) 
2 
Urban industrial e.g., polluted by SO2 
Dust from combustion of fuels and coal 
3 
Marine, coastal High level of sea salt 4  
   Note: 1 stands for least aggressive and 4 for most aggressive. 
Under atmospheric conditions, a thin layer of adsorbed water is present on a clean surface. 
Phipps et al. [28] have reported that the first reversibly adsorbed water monolayer forms at RH 
~ 25% and that the thickness of the aqueous film increases to ~ 10 monolayers at 95% RH in 
steady state conditions at ambient temperature (Table 1.2).  
 
Table 1.2. Estimated number of water monolayers adsorbed on a metal surface at 25ºC [28]. 
 
Relative humidity (RH) (%) Number of adsorbed water monolayer 
20 1 
40 1.5 - 2 
60 2 - 5 
80 5 - 10 
Although the layer of adsorbed water present on a clean surface at 80% RH is very thin, it can 
still sustain corrosion [26]. A much thicker water layer forms on the metal surface by 
precipitation or condensation. Condensation includes water absorption by deliquescent 
substances on the surface. An important concept in atmospheric corrosion is critical RH, which 
represents the minimum RH required for major corrosion to begin [6, 7]. The formation of 
deliquescent corrosion products and the presence of deliquescent deposits on the surface can 
cause the critical RH to be rather low. Because the properties of the corrosion products depend 
on the metal that is corroded, critical RH depends on both the environment and on the material. 
Critical RH is often in the range 50-70% [7]. Vernon [29] observed that there was a critical 
threshold (in the case of iron (Fe) exposed to air containing 0.1% SO2) below which the rate of 
corrosion was negligible, see Fig. 1.3. In Vernon’s experiment, the corrosion of Fe started when 
RH was > 60%. Note that in the presence of HCl (g), critical RH is expected to be lower than 
that because of the formation of FeCl2 . H2O which forms an aqueous solution at < 50% RH at 
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room temperature. Concerning the influence of deposited salts, NaCl is deliquescent above 75% 
RH at ambient temperature [30, 31], while the presence of calcium chloride (CaCl2) on a metal 
surface leads to the formation of an aqueous solution > 32% RH. The corresponding value for 
lithium chloride (LiCl) is reported to be ~ 12%. The differences in the critical RH for different 
salts are partly due to their respective solubilies in water, see [32, 33] for more details. 
 
Fig. 1.3. Corrosion of Fe in air containing 0.01% SO2 after 55 days, illustrating the presence of a critical 
RH (60% in this case). Reproduced with kind permission from the Royal Society of Chemistry [29].   
Rainfall Rainwater is a powerful transporter of air pollutants onto the surface of engineering 
components in outdoor atmospheres [34-36]. The chemical composition of rainwater varies 
greatly. The crucial anions in rainwater are chloride (Cl-), nitrate (NO3
-) and sulfate (SO4
2-) and 
the most important cations are calcium (Ca2+), magnesium (Mg2+), sodium (Na+), potassium 
(K+), and ammonium (NH4
+) [37-39]. In the absence of natural and atmospheric pollutants, 
rainwater has a pH of 5.6, resulting from the equilibrium with ~ 400 ppm CO2 in air [39]. Acid 
rain exhibits a lower pH, down to ~ 4. The acidity of rain is a consequence of the uptake of 
acidic compounds such as SO2, H2SO4, HNO2 and HNO3 [38]. The effect of rainwater on the 
corrosion of metals in general, and Al and Mg in particular, is complex, see e.g., [15]. Rain 
provides an electrolyte and maintains the level of humidity of air above the critical level at 
which corrosion commences. While rain can be acidic and transport pollutants onto a metal 
surface, rain also cleans the surface, and, thus, eliminates corrosive dust and acidic deposits 
originating from gaseous atmospheric pollutants that accumulated prior to rainfall. Thus, at a 
given location, surfaces that are exposed to rainfall are typically more resistant to corrosion 
than those that are seldom or never cleaned by rain [37]. In contrast to rain, fog does not clean 
the metal surface, and, therefore, it is considered as more aggressive than rain [10].    
The effect of temperature It is expected that a decrease in temperature will result in a decrease 
in the corrosion rate of metallic materials because the anodic and cathodic reactions and the 
conductivity of the electrolyte are thermally activated processes [42, 57, 58]. The Arrhenius 
relationship (Equation 1.2) describes the temperature dependence of chemical and 
electrochemical reactions [59]; 
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D = A e –Q/RT                         Equation (1.2) 
where D is the reaction rate, Q is the activation energy, R is the general gas constant, and T is 
the temperature. Accordingly, Chen et al. [60] have reported a positive correlation between 
NaCl-induced atmospheric corrosion and exposure temperature in the Mg-Al alloy AZ91. Also, 
Blücher et al. [61], who have studied the atmospheric corrosion of Al, reported a strong positive 
correlation between temperature and the rate of NaCl-induced corrosion in humid air. There 
are; however, some exceptions. For example, Niklasson et al. [62] have reported that the 
atmospheric corrosion (between 4 and 22oC) of lead in the presence of gaseous acetic acid 
exhibits a negative correlation with temperature. 
The effect of CO2 The aqueous electrolyte on a metal surface dissolves gaseous constituents 
such as CO2. This gas, which has a concentration of 350-400 ppm in the atmosphere, is 
important for the NaCl-induced atmospheric corrosion of Mg and Al alloys. The inhibiting 
effect of CO2 on the atmospheric corrosion of Mg-Al alloys has been studied by Lindström and 
Blücher [11, 40]. The dissolved CO2 (Equation 1.3) in the aqueous layer forms carbonic acid 
(Equation 1.4), pka1 = 6.35 and pka2 = 10.33, leading to a decrease in the pH of the electrolyte 
layer [11]. In alkaline conditions, carbonic acid forms carbonate (Equations 1.6) [41-43]; 
CO2 (g)  CO2 (aq)  Equation (1.3) 
CO2 (aq) + + H2O (l)  H2CO3 (aq)      Equation (1.4) 
H2CO3 (aq) + OH- (aq)  HCO3- (aq) + H2O (l)  Equation (1.5) 
HCO3- (aq) + OH- (aq)  CO32- (aq)+ H2O (l)  Equation (1.6) 
Sulphur dioxide (SO2) is one of the most corrosive air pollutants for metallic materials. The 
largest source of SO2 emissions in the atmosphere is the combustion of fossil fuels at power 
plants and other industrial facilities. SO2 is also emitted from natural sources, e.g., volcanic 
activities [26, 44]. In the atmosphere, SO2 is oxidized to SO3, which forms sulphuric acid 
(H2SO4) (SO2 (g) + H2O (l) + ½ O2 (g)  H2SO4 (aq)) and sulphates. The latter may form dust 
particles (ammonium sulfate: (NH4)2SO4) [45]. In western countries, the SO2 concentration in 
the atmosphere has decreased since the 1970’s. For instance, the amount of SO2 released in the 
USA decreased from 28.3 million tons in 1970 to 7.6 Mt in 2008. Conversely, in some other 
parts of the world, e.g., East Asia, SO2 emissions are still increasing [46, 47].   
To date, there have been several studies on the effect of SO2 on the atmospheric corrosion of 
metallic materials [48-56]. According to reports, an increase in the concentration of SO2 results 
in an increase in the rate of corrosion of metallic materials like Zn and Zn alloys [48-50], Al 
and Al alloys [51, 52] and steel [53-56]. SO2 dissolves in water and forms sulphurous acid and 
sulphite, according to Equations 1.7-1.9. In the presence of oxygen and/or other oxidizing 
agents, sulphite (SO3
2-) rapidly oxidizes into sulphate (SO4
2-) based on Equation 1.10 [11];  
SO2 (g)          SO2 (aq)     Equation (1.7) 
SO2 (aq) + H2O (l)           HSO3 (aq)+ H+ (aq)      Equation (1.8) 
HSO3- (aq)          SO32- (aq) + H+ (aq)  Equation (1.9) 
SO32- (aq) + ½ O2 (g)   SO42- (aq) Equation (1.10) 
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Nitrogen dioxide (NO2), Ozone (O3), and UV irradiation Typical concentrations of NO2 and 
O3 in four different atmospheric environments are given in Table 1.3. These two species, which 
are important trace oxidants in the outdoor atmosphere, often occur at higher concentrations 
than SO2. Several studies have demonstrated that the trace gases (NO2 and O3) accelerate the 
SO2-induced atmospheric corrosion of some metals [63, 64].   
Table 1.3. Typical peak concentrations of NO2 and O3 in the troposphere over the continents [65-66]. 
Pollutant Remote Rural Moderately polluted Heavily polluted 
NO2 1 1-20 20-200 200-500 
O3 50 20-80 100-200 200-500 
               *Concentrations of the pollutants are given in part per billion (ppb). 
The interaction of UV light and oxidizing agents generates reactive species, e.g., atomic oxygen 
and hydroxy radicals [67]. Studies on the effect of UV on the atmospheric corrosion behavior 
of metals are rather limited. Chen et al. [63] and Liang et al. [64] have studied the synergic 
effect of UV irradiation and O3 on the corrosion of silver (Ag). They have reported that the 
presence of O3 and UV light resulted in fast corrosion of Ag. They have attributed the rapid 
corrosion of Ag to the generation of reactive atomic oxygen by the photodissociation of O3, 
which caused the rapid formation of Ag2O. Thompson et al. [68], who studied the atmospheric 
corrosion behavior of zinc (Zn) alloys, have reported that the rate of corrosion increased when 
UV light was present. Mahmoud et al. [69] have studied the effect of UV light on the corrosion 
behavior of coated steel in NaCl solution and reported an increase in the mass loss of the steel 
when exposed to UV irradiation. To the best of our knowledge, there is no investigation on the 
effect of UV irradiation on the atmospheric corrosion behavior of Al and Mg alloys.  
Chloride (Cl-) Chloride-containing compounds include Cl2 and HCl. Cl
- is a main corrodant in 
aerosols and originates from the sea salts in marine environments, and on winter roads where 
de-icing salts are used [70]. Cl- plays several roles in the atmospheric corrosion of metals. Cl-
containing salts can absorb water and form an electrolyte on the metal surface. Cl- can also play 
a significant role in the breakdown of passive and quasi-passive films formed on metallic 
materials [71]. Chloride-containing electrolytes support electrochemical corrosion reactions. 
Consequently, the corrosion process is often facilitated when Cl- is present [42]. In this thesis, 
a special emphasis has been placed on the role of Cl- ions in the breakdown of the surface film 
formed on Mg alloys.  
1.2.2. Atmospheric corrosion versus immersion testing 
Immersion testing, which is the most common corrosion test method, involves the immersion 
of specimens in a corrosive aqueous solution. Even though immersion testing appears to be a 
simple test method, several parameters must be controlled to increase the validity and reliability 
of the data [72]. The rate of corrosion is generally higher under immersion test conditions than 
in atmospheric environments. There are several vital differences between these two 
environments to take into account when comparing the results of immersion tests with those of 
atmospheric corrosion exposures. For example, while a very thin layer of electrolyte, e.g., NaCl 
(aq), is present on a metal surface in air, immersion test exposes metallic materials to an 
unlimited amount of electrolyte. While some of the corrosion products are readily dissolved 
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under immersion test conditions, they remain on the metal surface when they are exposed to 
atmospheric environments. It should also be mentioned that crucial atmospheric components, 
such as CO2, and SO2, are usually absent in immersion corrosion tests. This thesis will later 
discuss how these differences affect the corrosion of metals/alloys.     
1.2.3. Quantitative assessment of the atmospheric corrosion   
 
There are several ways to assess metallic materials’ performance in atmospheric environments. 
Listed below are descriptions of some important methods that are employed in this research: 
1. Weight loss: Determining metal loss is the most common and basic method for 
evaluating the corrosion behavior of metals. This method is more convenient than studying 
mass gain since some corrosion products may be removed or fall off the metal surface. 
Weight loss is an excellent criterion when corrosion is uniform. However, in many cases, 
alloys exhibit extremely localized types of corrosion. According to long-term studies on the 
corrosion behavior of Al alloys, there is no correlation between the average metal loss and 
the maximum depth of corrosion pits. Thus, in some cases, e.g., Al alloys, weight loss itself 
is not a reliable indicator for the rate of atmospheric corrosion [15, 25].   
2. Changes in mechanical properties: Ultimate tensile strength (UTS, Rm), yield/proof 
strength (R0.2, YS) and percentage of elongation (A%, El.%) are important indicators for 
analyzing the mechanical properties of metallic materials. Measuring changes in strength 
can be used to study the long-term atmospheric corrosion behavior of metals. Atmospheric 
corrosion may deteriorate mechanical characteristics through the formation of pits. 
However, reports have indicated that a decrease in mechanical properties only occur when 
the pit depth exceeds 5-6 % of the component’s thickness [15].    
3. Measuring the depth of pits: This is the most useful way to assess the atmospheric 
corrosion of passivating alloys such as Al and stainless steels [15]. This type of measurement 
can be carried out using optical microscopy and optical profilometery. Although the method 
may be quite laborious, it provides valuable information on the resistance of an alloy to 
localized/pitting corrosion.  
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1.3. Magnesium-Aluminum (Mg-Al) alloys 
 
1.3.1. Generalities  
 
Mg is the lightest structural metallic material with a density of 1.7 g/cm3, which is ~ 1.6 and 
4.5 times lighter than Al and Fe, respectively [73], see Table 1.4. Mg is the least noble 
engineering metal. It is prone to general corrosion and is particularly susceptible to galvanic 
corrosion when in contact with nobler materials. Accordingly, Mg and Mg alloys are usually 
used with some sort of surface treatment [73]. Moreover, they show rather poor cold 
workability. Mg alloys have a hexagonal lattice structure that fundamentally affects their 
properties. Plastic deformation of hexagonal alloys is inherently more difficult than for cubic 
metallic materials such as Al and steel. Thus, Mg alloy components are normally manufactured 
by casting [74, 75].  
Mg alloys are strengthened through typical strengthening mechanisms, such as solid solution 
strengthening, age hardening, and grain refinement. Mg alloys are classified into cast alloys and 
wrought alloys, according to how they are manufactured. Based on their chemical composition, 
the main alloying systems comprise AZ (Mg-Al-Zn), AM (Mg-Al-Mn), AE (Mg-Al-RE), EZ 
(Mg-RE-Zn), ZK (Mg-Zn-Zr) and WE (Mg-RE-Zr) series [73, 76].  
 
Table 1.4. A comparison between the properties of Mg, Al and Fe (HCP: Hexagonal close-packed, FCC:  
Face-centered cubic, and BCC: Body-centered cubic) 
 
Properties/Metal Mg Al Fe 
Crystal structure HCP FCC BCC 
Melting point (°C) 650 660 1536 
Density at 20°C (g/cc) 1.7 2.7 7.8 
Coefficient of thermal expansion 20–100 (×106/°C) 25.2 23.6 11.7 
Standard reduction potential (V vs. standard hydrogen electrode) -2.37 -1.66 -0.44 
 
Among these alloying systems, the AZ and AM series including AZ91, AM60, and AM50 are 
the most common. Mg alloys are employed in the automotive industries and in many other 
applications owing to their high specific strength, high specific stiffness, good castability and 
recyclability, good damping characteristics, high thermal and electrical conductivity, excellent 
machinability, and abundant resources [74]. 
In the automotive industries, where the strength/weight ratio is of vital importance, Mg-Al 
alloys have been considered as a substitute for Al alloys and for steels [77, 78]. Thus, the use 
of Mg-Al components in the automotive industry has grown dramatically. For instance, the use 
of Mg alloys reached about 8 kg per vehicle in 2010 from less than 1 kg per vehicle in 1990 
[79]. In the USA, three major automakers (i.e., General Motors (GM), Ford, and Daimler-
Chrysler) have established the US council for automotive research (USCAR) and plan to 
increase the use of Mg-Al alloys to exceed 100 kg per vehicle by 2020 [80, 81]. Examples of 
automotive parts, which are currently manufactured or potentially could be produced using Mg-
Al alloys, were briefly mentioned above and also listed in Table 1.5.  
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Table 1.5. Present and potential applications of Mg-Al alloys in different automotive parts [81, 82]. 
Engine and transmission 
(drive train) parts 
Interior parts Chassis components Body Components 
Gear box 
Intake Manifold 
Crankcase 
Cylinder head cover 
Oil pump housing 
Steering wheel cores 
Seat components 
Instruments panel 
Steering column 
Brake and clutch 
Road wheels 
Suspension arms 
Engine cradle 
Rear support 
Inner bolt lid section 
Cast door inner 
Cast A/B pillars 
Sheet components 
Extruded component 
The maximum solid solubility of Al in Mg ranges from 2.1 wt.% at ambient temperature to 
about 12.7 wt.% at the eutectic temperature, i.e., 437oC [73] (Fig. 1.4). The α-Mg/Mg17Al12 
eutectic contains ~ 32 wt.% Al. Commercial Mg-Al alloys contain less than 10 wt.% Al. 
According to the equilibrium phase diagram, such an alloy is expected to solidify into a 
homogeneous matrix of Mg with Al in solid solution. However, this is not the case due to the 
non-equilibrium solidification during casting, which results in the formation of eutectic 
constituents even when Al content is as low as 2 wt.%. The non-equilibrium formation of 
eutectic constituents during solidification of Mg-Al alloys is described by the Scheil Equation. 
Scheil's solidification theory describes the freezing of liquid metal under non-equilibrium 
conditions, where solute diffusion is slow, resulting in a strongly segregated microstructure. 
The Scheil Equation offers a realistic description of solidification during casting [83, 84].  
 
 
Fig. 1.4. (a) Phase diagram for the Mg-Al binary system, (b) Mg-Al-Mn isothermal section. Reproduced 
with permission from [85, 86]. 
 
A typical solidification microstructure of Mg-Al alloys, such as alloy AM50 and AZ91, consists 
of primary α-Mg grains (hexagonal structure, space group P63/mmc, a = 0.32 nm and c = 0.521 
nm), casting porosities and inter-dendritic regions. The latter regions are decorated with 
intermetallic β phase particles (Mg17Al12) with a cubic crystal structure (space group 14̅3 m, a 
= 1.056 nm). Because of the presence of about 0.5% (mass) manganese (Mn), η phase particles 
(Al8Mn5 (Fe)) are formed in the inter-dendritic regions [74]. Additional types of intermetallic 
particles, such as Al6Mn, Al4Mn, and AlMn, can also form in the microstructure during 
solidification [78, 86], see the phase equilibria in Mg-Al-Mn system in Fig. 1.4 (b). 
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The role of alloying elements Mg is alloyed with various elements, e.g., Al, Zn, Mn, Zr, yttrium 
(Y), and rare earth elements. In general, the addition of alloying elements changes the 
microstructure, and, accordingly, the properties of the alloys through; (a) the formation of 
intermetallic particles, and/or (b) the coarsening and/or refining of α-Mg grains. Apart from the 
strong influence of processing parameters (e.g., cooling rate), many metallurgical aspects must 
be taken into account to obtain desirable mechanical properties from Mg alloys. The effect of 
some vital alloying elements, frequently used in Mg-Al alloys, is discussed below;  
Al is added to increase the castability, strength, and freezing range, but an increased amount of 
Al reduces the alloy’s ductility [73, 88]. Adding 2-10% Al strengthens the alloys through solid 
solution and precipitation hardening by forming a high fraction of β phase in the microstructure. 
According to Beck [89], an Al content of about 6% results in an optimum combination of 
strength and ductility when the other alloying elements are kept unchanged, see Fig. 1.5. This 
is a major reason for widespread use of AM50 and AM60 in the automotive industry.  
Zn enhances the fluidity and castability of Mg-Al alloys. It also increases room temperature 
strength and ductility. In addition, Zn contributes to precipitation hardening in some alloys. 
Thus, a ~ 1 wt.% Zn addition results in improved properties of the AZ series. In Mg alloy AZ91, 
Zn substitutes for Al in the β phase, creating a ternary compound (Mg17(Al,Zn)12). Nevertheless, 
beyond a certain limit, Zn makes the alloy susceptible to hot cracking [73, 88].  
Mn is an efficient grain refiner for Mg alloys, e.g., Al-60%Mn master alloy splatter. The HCP 
structure of ɛ-AlMn provides favorable sites for nucleation of Mg grains. However, when the 
melt is held at ~ 730ºC, ɛ-AlMn is transformed to intermetallic phases, e.g., Al8Mn5, Al6Mn or 
Al4Mn particles, which result in coarsening rather than refining of the α-Mg grains [88].  
Among the other alloying elements, rare-earth elements (REs), e.g., cerium (Ce), and 
neodymium (Nd), are added to enhance creep resistance as well as to decrease casting porosity 
[203]. The effects of other alloying elements on the microstructure, texture and mechanical 
properties of Mg-Al alloys, such as Si, Cu, and Be, are described in the literature [90-92].   
 
Fig. 1.5. Effect of Al on the UTS, hardness and ductility of Mg alloys. Reproduced based on [89, 93]. 
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1.3.2. Manufacturing routes 
Owing to the exceptionally good castability of Mg-Al alloys, cast alloys dominate over their 
wrought counterparts. Thus, ~ 95% of Mg-Al components are cast [94]. Several conventional 
casting technologies are used to produce Mg alloys components, such as sand-, investment-, 
permanent-, and high pressure die-casting (HPDC). Among these techniques, HPDC is the most 
common technique, in particular, in the automotive industry [73, 88].   
HPDC is a mechanized, large volume, highly productive and economic process for the 
production of complex shaped components and thin-walled castings. Although HPDC is one of 
the main manufacturing routes to produce Mg alloys components, it has a number of issues. For 
instance, there is a strong tendency towards hot tearing during casting due to a wide freezing 
range and a low final solidification temperature. Furthermore, the casting pores may be 
relatively high in thick-walled Mg-Al components due to the turbulent die filling. The pores 
can severely degrade mechanical properties by acting as local stress concentrators. They also 
lead to problems during heat treatment and welding, for example because heat causes the gas 
in the pores to expand causing micro-cracks and exfoliation of the metal surface. Micro-
porosities can also have a harmful effect on corrosion resistance [95-98]. 
Semi-solid casting is an alternative route that can be used to address some of these problems. 
In this process, a semi-solid slurry is used, showing non-turbulent and thixotropic flow 
behavior. The laminar mold-ﬁlling process leads to less entrapped air and lower solidiﬁcation 
shrinkage, resulting in lower porosity [99-101]. Two main routes have been developed based 
on the semi-solid process, namely thixo-forming and rheocasting (RC). In thixo-forming, the 
forming process is performed from a partially melted, non-dendritic alloy slug within a metal 
die. In contrast, RC involves preparation of semi-solid slurry directly from the liquid alloy by 
cooling [74, 102]. The RheoMetal process, which was previously called the RSF process or the 
Rapid S process, was principally developed to overcome some limitations in preparing the 
slurry for the RC process, such as difficulties in controlling the temperature of the slurry, and 
the very slow process of slurry preparation [74, 102, 103].  
In the RheoMetal process, cooling is performed using an enthalpy exchange material (EEM), 
which is attached to a stirrer. The melt is internally cooled, eliminating the need for external 
heat flow control, thereby creating a robust process in which large amounts of high quality 
slurry can be produced rapidly. After slurry preparation the metal is used in a casting operation, 
similar to traditional HPDC. The main current disadvantages of the RC technique may be the 
need for high investment and training [99, 104].  
In the present project, the slurry was cast in a specially designed squeeze casting machine. This 
machine has a vertical shot sleeve where the fill degree is 100%, which has the positive effect 
of reducing heat losses before the slurry is injected into the casting tool. In a traditional 
horizontal high pressure die casting machine the shot sleeve fill degree is ~ 30-40 %. Due to 
the very low heat content of the Mg slurry, it is of utmost importance to minimize heat losses.  
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1.3.3. Corrosion properties of Mg-Al alloys 
Mg has the lowest standard electrode potential of all engineering metals with E° Mg
2+
/Mg - 2.37 
V. Also, it exhibits the lowest corrosion potential (Ecorr) among engineering metals [105, 106]. 
That is why Mg is frequently used as a sacrificial anode. Thus, in practice, Mg is seldom used 
in its pure form. Even when it is alloyed, there are complications. Indeed, the relatively poor 
corrosion properties have limited the usage of Mg alloys [73]. The poor corrosion resistance of 
Mg alloys is mainly attributed to the presence of a non-protective surface film and the internal 
galvanic corrosion caused by impurities and secondary phases. As mentioned above, the 
secondary phase are formed as a result of alloying elements.  
The effect of alloying elements on Mg alloy-corrosion In a fairly old study by Hanawalt et al. 
[107], the effects of alloying elements were categorized as follows; (i) Al, Mn, and Silicon (Si) 
do not have a harmful effect, but can sometimes enhance the corrosion resistance of Mg alloys, 
(ii) beryllium (Be), Y, and zirconium (Zr) lead to an increase in the corrosion resistance of Mg 
alloys in salt-rich environments, (iii) calcium (Ca), silver (Ag), and Zn have a moderate 
accelerating effect on the corrosion rate of Mg alloys, and (iv) certain elements, such as cobalt 
(Co), copper (Cu), Fe, and nickel (Ni), extremely accelerate the corrosion, and, thus, must be 
controlled to be at as low a level as possible,.  
Subsequent studies have sometimes confirmed, e.g., [108, 109], and sometimes refined, e.g., 
[110], the results reported by Hanawalt and co-workers [107]. In addition, there is now 
knowledge of the role of many other elements, e.g., REs, on the corrosion resistance of Mg 
alloys, see e.g., Birbilis et al. [111-115], as well as Arrabal et al. [116, 117]. Writing in Nature 
Materials, Birbilis et al. [118] have recently communicated an ultra-lightweight Mg-(~11 
wt.%)Li alloy, which is more corrosion resistant than many present Mg-based alloys. Gusieva 
et al. [119] have recently published a comprehensive review paper, in which the current 
understanding of the role of many elements in the corrosion of Mg alloys is discussed in detail. 
The authors have pointed out some important aspects of the role of elements known to date; (a) 
some elements e.g., Al and Zn shift the anodic branch to lower rates through solid solution 
doping; however, this is coupled with an increase in the cathodic kinetics, (b) significant 
alloying additions will result is an increase in the volume fraction of second phase particles, 
and, consequently, more rapid cathodic activity and a more rapid corrosion, (c) the Al-bearing 
Mg alloys exhibit the lowest anodic kinetics and the fastest cathodic kinetics, (d) significant RE 
additions can increase the rate of corrosion, and (e) many alloying elements form cathodic 
particles, and, hence, they increase cathodic kinetics.    
The extremely harmful effect of minor contaminants, e.g., Ni, and Fe, on the corrosion 
performance of Mg alloys is an important issue. Studies have shown that there are ''tolerance 
limits'' or ''critical concentrations'' for these impurities, below which the rate of corrosion is 
almost un-affected. Conversely, when their concentrations, in the Mg alloys, are above the 
tolerance limit, the corrosion rate increases drastically, by a factor of 10 to 100 [120, 121]. 
Hanawalt at al. [107] have reported the critical limits to be as follows; 170 ppm for Fe, 1000 
ppm for Cu, and 5 ppm for Ni. It is believed that these critical values are linked to the impurity 
solubility in Mg alloys and that when the concentration of the elements are below their tolerance 
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limit, they are present in the form of solutes in Mg (solid solution) [120, 121]. These elements 
deteriorate the corrosion resistance of Mg alloys due to their low solid-solubility limits, which 
result in precipitation of impurity-rich particles that provide cathodic sites [120].  
This sensitivity to certain impurities limit has called for ''purification'' of commercial Mg alloys. 
Thus, a series of Mg-Al alloys (e.g., AZ91A, AZ91B, and AZ91D) with successively high 
purity have been introduced, placing tight limits on levels of heavy-element impurities. Another 
approach to alleviate the impurity issue in Mg alloys is to employ the powerful ''scavenging'' 
effect of Mn. Thus, Mn addition, in combination with Al decreases the harmful effect of the Fe 
impurity, and, thus, the rate of Mg-corrosion through the incorporation of Fe into Al-Mn-Fe 
precipitates [120]. The Fe/Mn ratio is reported to be an important factor, in addition to the 
impurity critical level. This ratio is usually kept below 0.04 in commercial alloys. It is 
worthwhile stressing that, according to [119], the greatest single contribution to date with 
respect to enhancing the rate of Mg-corrosion is the scavenging ability of Mn.  
Common corrosion types Mg-Al alloys suffer from various types of corrosion. Note that the 
first two types of corrosion are beyond the scope of this research and are only described briefly: 
1. Stress corrosion: Stress corrosion cracking (SCC) occurs in a susceptible alloy under e.g., 
long-term tensile stress above a critical level in the presence of a specific corrosive medium 
[122, 123]. The Al bearing alloys are among the most susceptible to SCC. Also, there is a 
tendency to increase this susceptibility with an increase in Al content. SCC in Mg alloys is 
essentially transgranular, occurring inside α-Mg grains. Sometimes intergranular SCC 
occurs as a consequence of the presence of β phase particles along grain boundaries in Mg-
Al systems. Two types of mechanisms have been proposed to describe SCC in Mg-Al 
alloys: (i) discontinuous crack propagation at the crack tip under the effect of successive 
mechanical fracture, including, e.g., cleavage and hydrogen embrittlement); and (ii) 
continuous crack propagation at the crack tip under the effect of anodic dissolution 
(including e.g., preferential attack and film rupture) [73, 123, 124]. SCC is seldom reported 
in cast Mg-Al alloys stressed up to 0.2% proof stress; however it is more common in 
wrought alloys in which SCC appears to follow twinning planes. 
2. Corrosion fatigue: Corrosion fatigue can occur when cyclic loading is applied in the 
presence of an aggressive environment. This leads to premature failure of metallic 
materials through cracking. To successfully protect Mg-Al alloys from corrosion fatigue 
an appropriate coating can be applied [73, 120]. 
3. Galvanic corrosion: This is the most important form of corrosion for Mg and Mg-Al 
alloys. As mentioned, Mg exhibits the most negative Ecorr of all structural metallic 
materials. For this reason, when in contact with another metal or alloy, Mg is prone to 
galvanic corrosion. There are four basic conditions for galvanic corrosion: (i) anode (α-Mg 
grains); (ii) cathode (metals and compounds with low hydrogen overvoltage, e.g., Fe, cause 
severe galvanic corrosion); (iii) direct electrical contact, e.g., when nobler materials are 
attached to the Mg alloy, and (iv) an electrolyte connecting the anode and cathode. Two 
approaches are often used to protect Mg alloys from galvanic corrosion: minimizing the 
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chemical potential difference between the Mg alloy and the other metal and maximizing 
the circuit resistance [120, 121]. Microstructural constituents can also cause the galvanic 
corrosion of Mg alloys, commonly termed micro-galvanic corrosion. Fe-rich intermetallic 
particles e.g., FexMny are noble in comparison to α-Mg and are able to efficiently support 
hydrogen evolution, and, consequently, accelerate corrosion significantly. In addition, 
intermetallic compounds such as β and η particles also give rise to micro-galvanic effects 
and can influence the corrosion properties of Mg-Al alloys. Table 1.6 lists the corrosion 
potential of several phases formed in Mg-Al alloys. 
Table 1.6. Corrosion potential for Mg and several intermetallic particles in 5% NaCl (pH: 0.5) [125]. 
Metallic phase Ecorr (VNHE) 
Mg -1.65 
Mg2Si -1.65 
Al6Mn -1.52 
Al4Mn -1.45 
Al8Mn5 -1.25 
Mg17Al12 -1.20 
Al8Mn5(Fe) -1.20 
Mg17Al12(Mn) -1.17 
Al6Mn(Fe) -1.10 
Al6(MnFe) -1.00 
Al3Fe -0.74 
The effect of microstructure on the corrosion of Mg-Al alloys Because of the micro-galvanic 
corrosion, micro-constituents play crucial roles in the corrosion behavior of Mg-Al alloys. 
Thus, it is appropriate to briefly review some current ideas on the effects of microstructure (in 
terms of α-Mg grains, β, and η phase particles) on the corrosion behavior of Mg alloys; 
α-Mg It has been reported that reducing the size of α-Mg grains can either increase or decrease 
the corrosion resistance of Mg alloys and that fine-grained alloys corrode differently from their 
coarse-grained counterparts [119, 126, 127]. Daloz et al. [127] have reported that by modifying 
the microstructure of Mg alloys using rapid solidification, the corrosion behavior was changed 
from pitting corrosion to general corrosion. In a recent investigation of the corrosion behavior 
of alloy AM50 produced by sand, graphite, and die casting in 1.6 wt.% NaCl solution, 
Asmussen et al. [128] have reported that the more fine-grained die cast alloy showed better 
corrosion resistance than the alloys produced  using sand and graphite casting techniques.  
β phase (Mg17Al12) particles This phase is extremely important, from the corrosion point of 
view. It is generally believed that Mg alloys containing above ~ 3 wt.% Al form a high fraction 
of  β phase particles, which results in an increase in the cathodic kinetics, and, accordingly, an 
increase in the rate of corrosion [119]. Lunder et al. [129] have reported that the β-phase in 5% 
NaCl (aq) saturated with Mg(OH)2 is cathodic to pure Mg and to alloy AZ91 by about 490 and 
420 mV, respectively. Thus, the cathodic reduction of water is expected to preferentially take 
place on the β phase. Song et al. [130], who have investigated the corrosion of the HPDC 
AZ91D in 1M NaCl at pH 11, have reported that β phase particles can act either as a corrosion 
barrier or as active cathodes. They argue that the role β phase depends on the size of α-Mg 
grains in the alloy matrix.  
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Note that the findings presented in the Results and Discussion section of this thesis have not 
only refined the understanding of the role of β phase on the Mg alloys-corrosion, but have called 
some of the cited theories into questions (see Chapter 3: Section 3.1.2) .  
η phase (AlMn) particles Reports in the literature on the role of η particles in the corrosion of 
Mg alloys are somewhat inconsistent. Several authors have reported that the η phase is 
cathodically active in accordance with the high potential difference between the particles and 
α-Mg. For instance, Danaie et al. [131] reported that accumulations of corrosion products 
tended to form at η inclusions and attributed this to the high cathodic activity of these inclusions. 
In contrast, Jönsson et al. [132] have concluded that the η phase exhibits only slight cathodic 
activity in the initial stages of the atmospheric corrosion of alloy AZ91D, and claimed that it 
does not play a vital role in the initiation of corrosion.  
The quasi-passive films formed on Mg and Mg-Al alloys The characteristics of the film(s) 
formed on Mg-Al alloys when exposed to pure air or water-containing environments are vital 
for the corrosion behavior of Mg alloys.  
In air, most metallic materials form a thin film on their surfaces, which provides some degree 
of protection from a corrosive environment. These so-called passive films comprise oxides and 
hydroxides. Thus, the good corrosion resistance of Al relies on the formation of an alumina-
passive film (see Section: 1.5.3). However, the surface film formed on Mg and Mg-Al alloys 
shows poor protective performance and is prone to breakdown. When Mg is exposed to dry air, 
a magnesium oxide film (MgO), is rapidly formed (see Equation 1.11) with a thickness of few 
nanometers. MgO, which is an insulator, has the cubic halite structure with an a value of 0.42 
nm [133, 134];  
       Mg(s) + 1/2O2(g) → MgO(s)   (Magnesium oxide)                                                            Equation (1.11) 
Mg shows good corrosion resistance in dry air at ambient temperature owing to the MgO ﬁlm. 
However, moisture (> 1 ppm H2O) converts this oxide film into hydroxide, Mg(OH)2, according 
to [130, 133];  
          MgO(s) + H2O(g)  Mg(OH)2(s)  (Magnesium hydroxide)                                           Equation (1. 12) 
Thus, the film formed on the surface of Mg in humid air can be composed of an inner MgO 
followed by an outer Mg(OH)2 layer. As described by Thomas et al. [133], in an aqueous 
solution, Mg reacts according to;  
Mg   Mg2+ + 2e–                                                (Anodic reaction) Equation (1.13) 
2H2O + 2e–   H2 + 2OH-                                                      (Cathodic reaction) Equation (1.14) 
Mg2+ + 2OH-  Mg(OH)2                                   (Precipitation) Equation (1.15) 
Mg(s) + 2H2O(aq)  Mg(OH)2(s) + H2(g)         (Cell reaction)   Equation (1.16) 
 
In addition to Mg(OH)2, carbonates, hydroxy carbonates, and sulfates are also commonly 
reported corrosion products on Mg alloys [42, 44]. Note that the above Equations indicate that 
the corrosion of Mg and Mg alloys will not depend on oxygen concentration.  
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It is also important to note that both MgO and Mg(OH)2 are soluble in water. Thus, the film is 
non-protective in neutral and acidic aqueous solutions (Fig. 1.6). The dissolution of the 
hydroxide film (according to Equation 1.17) results in an increase in the pH value of the 
electrolyte;  
Mg(OH)2 (s)             Mg2+ (aq) + 2(OH)- (aq)            Ksp  ~ 10 -11[135]                            Equation (1.17) 
MgO dissolves in a similar way: 
MgO (s) + H2O (l)             Mg2+ (aq) + 2(OH)- (aq)   Ksp  ~ 10 -6[135]                            Equation (1.18) 
When the amount of aqueous solution is very small, e.g., in atmospheric corrosion when RH < 
100%, the aqueous solution may be considered to be saturated with respect to Mg(OH)2. Based 
on the Ksp value, the pH of an aqueous solution which is in equilibrium with brucite is calculated 
to be 10.2. This is in line with pH values determined experimentally. For example, according 
to [136], NaCl (aq) in equilibrium with brucite has a pH of ~ 10.0. 
 
  Fig. 1.6. Potential-pH (Pourbaix) diagram, at 25°C. Log C= -6. 
 Reproduced based on [137]. 
During the last decades, several studies have been performed to understand the composition 
and microstructure of the surface films formed on Mg and Mg-Al alloys in various 
environments [138-156]. Table 1.7 lists selected papers in the field since the early 1990s. It is 
interesting to note that while the characteristics of surface films were disregarded for many 
years, after the works performed by Nordlien et al. [139-141], the number of studies on the 
surface films formed on Mg-Al alloys increased sharply beginning in 2007. This indicates the 
current need for improving the corrosion resistance of Mg-Al alloys via a better understanding 
the nature of the surface films formed. 
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Table. 1.7. Investigations of the surface films formed on Mg and Mg alloy since 1993. 
Mat./Env./Time Methods  Observations Reference 
Mat.: Mg 
Env.: H2O (g) 
Time: Up to 2 hours 
 
XPS 
AES 
Formation of a defective MgO film. 
Hydrogen was present in the film. 
The nucleation and growth mechanism depended on 
crystallographic orientation (open- and close- packed 
faces exhibited dissimilar ordering of the chemisorbed 
species into oxide nuclei). 
 
Splinter et al. [138] 
(1993) 
Mat.: Mg 
Env.: Humid air and 
H2O 
TEM A dense MgO layer was initially formed on the metal 
when it was exposed to air. In the presence of water 
single MgO layer was transformed/dissolved into a 
newly precipitated amorphous platelets of Mg(OH)2 
with little evidence of the oxide layer.  
 
Nordlien et al. [239] 
(1995) 
Mat.: Mg 
Env.: 35-60% RH at 20-
30ºC 
 
TEM 
TEM/EDX 
In pure air: A thin and amorphous oxide (MgO). 
In humid air: MgO was less stable and hydrated. A 
mixture of MgO/Mg(OH)2 was developed. 
A three-layered (Metal/cellular/dense/platelet) film 
was observed at high humidities. 
 
Nordlien et al. [141] 
(1997) 
Mat.: Mg electrodes  
Env.: 0.1 M NaOH (aq) 
at 80 °C 
Time: 1-2 h 
XPS 
PCS* 
 
An outer porous Mg(OH)2 layer the thickness of which 
increased with time and an underlying thin MgO layer. 
A thin MgO/Mg(OH)2 layer was observed in some 
regions. (PCS*: photocurrent spectroscopy) 
 
Santamaria et al. [142] 
(2007) 
Mat.: Mg & AZ31 
Env.: RH: 98% at 50ºC 
Time: 1-30 days 
 
SEM/EDX 
XPS 
Pure Mg: MgO/MgCO3.  
Substitution of MgO by the C-rich product with 
exposure time. 
AZ31: MgO/Mg(OH)2/MgCO3. 
 
Feliu Jr et al. [143] 
(2009) 
Mat.: AZ31, AZ80 & 
AZ91D  
Env.: 98% RH at 50ºC 
Time: 1-30 days 
SEM/EDX 
XPS 
Pure Mg: Similar to those reported by Feliu et al. [143] 
Alloys: AZ80 formed the highest amount of 
carbonates. Alloy microstructure had an impact on the 
surface film.  
 
Feliu Jr et al. [144] 
(2009) 
Mat.: Pure Mg,  
Synthesized  
Mg17Al12 & Al3Mg2 
Env.: Ultra-pure H2O 
Time: 0.5-7 minutes 
XPS Pure Mg: a MgO layer at the metal surface covered by 
a porous Mg(OH)2 film. 
Mg17Al12: A film with a chemical composition of 
AlMg2.5(OH)8 (~ 10 nm thick). 
Al3Mg2: A film with a composition of 
AlMg1.4O0.2(OH)5. 
 
Liu et al. [146] 
(2009) 
Mat.: Pure Mg 
Env.: Pure H2O  
Time: 48 h 
 
FIB 
STEM/EDX 
A thin porous/nanocrystalline MgO-rich layer at 
bottom and an outer less-porous Mg(OH)2-rich layer.  
Taheri et al. [147] 
(2012) 
Mat.: AM50 
Env.: 1.6 wt.% NaCl  
Time: 95 h 
 
FIB 
TEM/EDX 
TEM/EELS 
Inter-dendritic region: Light corrosion attack. 
The film was composed of a columnar mixture of 
amorphous MgO/Mg(OH)2. 
A thin Al-rich layer was formed.  
 
α-Mg grain: Heavy corrosion attack. 
Predominantly crystalline MgO/Mg(OH)2. 
No Al-rich layer was observed. 
 
Danaie et al. [151] 
(2013) 
Mat.: Pure Mg 
Env.: 0.01 M NaCl  
Time: 24 h 
FIB 
TEM/EDX 
A bi-layered film composed of a thin MgO following 
by a thick and more porous mixed MgO and (Mg(OH)2 
region adjacent to the film/electrolyte interface. 
 
Taheri et al. [152] 
(2014) 
Mat.: AZ31B & ZE10A 
Env.: H2O and D2O 
with and without 1 or 5 
wt% NaCl 
Time: 24 h 
TEM 
TEM/EDX 
SANS** 
 
 
 
No NaCl: MgO-base film on both alloys. 
With NaCl: An inner MgO layer, intermediate laminar 
Mg(OH)2 layer supported by an outer filamentous and 
porous Mg(OH)2. Cl enriched at interfaces.  
(SANS**: small-angle neutron scattering) 
Brady et al. [153] 
(2014) 
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These researchers (Table 1.7) have used various techniques, including transmission electron 
microscopy (TEM), energy dispersive X- ray spectroscopy (EDX), and X-ray photoelectron 
spectroscopy (XPS) to provide a detailed view of the film structure and of the surface film/Mg-
Al alloy interfaces.  
Many researchers, e.g., [143-150], agree that the surface film formed in air on Mg and Mg-Al 
alloys consists a mixed MgO/Mg(OH)2 layer, approximately similar to the film morphology 
described by Nordlien et al. in 1995 [141]. As mentioned above, Mg forms an ultra-thin oxide 
layer in air. However, since MgO (Ksp ~ 1 ×10
−6) is more soluble than Mg(OH)2 (Ksp ~1 ×10
−11), 
the oxide layer tends to dissolve in water. It is replaced by a porous hydroxide-rich layer. This 
process is often referred to as the ''dissolution-precipitation'' mechanism, which was introduced 
by Vermilyea et al. [157] in 1969. This mechanism describes how the dissolution of MgO can 
lead to the precipitation of the less soluble Mg(OH)2.  
On Mg-Al alloys, an Al-rich layer is also formed, especially on Al-rich areas, e.g., the inter-
dendritic regions [151], and the β phase particles [146]. There is little knowledge on the 
composition and microstructure of the surface films formed on Mg and Mg-Al alloys in 
atmospheric conditions, where CO2 is present (Table 1.7). One such study (Feliu Jr et al. [143]) 
has reported a ''C-rich'' layer (MgCO3) in the upper part of the surface film. 
The role of chloride Similar to most other metallic materials, the corrosion of Mg and Mg-Al 
alloys are accelerated by Cl-. Studies have shown that Cl- is present in the surface films after 
exposure to Cl-containing environments [147, 154]. In the aforementioned studies (Table 1.7), 
it is frequently stated that Cl- deteriorate the protective character of the surface films formed on 
Mg-Al alloys. In NaCl (aq), the electrochemical corrosion cell (reactions 1.13-1-15), causes the 
anodic sites to accumulate Cl- (aq) due to migration. In contrast to the pH increase as a 
consequence of the dissolution of MgO/Mg(OH)2 film, the resulting Mg chloride solution 
(MgCl2 (aq)) leads to a relatively low pH in the anodic regions, enhancing the dissolution 
process. Thus, corrosion mechanism changes in the presence of NaCl (aq) as the anodic sites 
are acidified and cathodic sites experience an increase in pH (reaction 1.14). The latter occurs 
due to the migration of Na+ ions, which results in the formation of NaOH (aq) in the cathodic 
sites [43, 158]. Thus, a pH gradient is set up on the metal surface, which leads to a localized 
corrosion attack. Also, note that when MgCl2 is present on the metal surface an aqueous 
electrolyte is formed at 34% RH (the point of deliquescence) [32].  
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Corrosion performance of Mg alloys Table 1.8 summarizes studies on the corrosion resistance 
of several Mg alloys in different environments. The first impression is perhaps the best 
description of the understanding of the Mg alloys-corrosion to date; there is no consistent trend 
in the rate of corrosion of Mg alloys. However, a closer look at the literature data presented in 
Table 1.8, may suggest that the rate of corrosion increases by increasing Al content (see e.g., 
Inoue et al. [161] and Cheng et al. [162]), and that Mg alloy AZ31 exhibits the optimum balance 
between the physical properties and corrosion resistance for Mg alloys, as is stated in [119].  
Assuming that the impurity levels, i.e., the concentration of e.g., Fe, of the commercial alloys 
are below the tolerance limits, the absence of a clear trend in the corrosion resistance of Mg 
alloys could be attributed to; (a) differences in the microstructure of the alloys, and (b) 
difference(s) in the Mg alloys-corrosion mechanism, which depend on the corrosive 
environment. An important question that should be addressed is ''Which test method resembles 
the corrosion occurring in ''real'' outdoor environments?'' This is discussed in detail in Results 
and Discussion (Section: 3.1.7). 
    Table 1.8. Literature rankings of the corrosion resistance of the most commonly used Mg alloys. 
Corrosion rate Environment/Method Reference 
ZE41 > AM60 > AM30 > AZ91 > AZ31 ~ Mg Salt spray testing  (WL) Zhao et al. [159] 
AM50 > AZ91 > AZ91Si Sodium sulfate (EIS) Baril et al. [160] 
AZ91 > AZ31 ~ HP Mg Buffered chloride (EIS) Inoue et al. [161] 
AZ91 > AZ31 > AM60 > ZK60 NaCl solution (EIS) Cheng et al. [162] 
AZ91 > ZE41 > HP Mg ~ Mg2Zn0.2Mn  Hank’s solution (EIS) Abidin et al. [163] 
AZ91 > AZ21 > AZ501  NaCl solution (EIS)  Song et al. [164]  
AM50 > AZ91D > AM50NdB > AZ91DNdB NaCl solution (WL) Arrabal et al. [117] 
AM20 > AM60 > AZ91D  RH: 95%, 22ºC (WL) Lindström et al. [165] 
Mg5Al > Mg > Mg10Al ~ Mg15Al NaCl solution (EIS) Abady et al. [166] 
Mg > AZ31 > AZ91 NaCl solution (EIS) Wang et al. [167]  
Mg > AP65 > AZ61 > AZ31 Mg(ClO4)2 (EIS) Udhayan et al. [168] 
Mg < AZ91 < AZ31 NaCl solution (EIS) Singh et al. [169] 
Mg12Al > Mg9Al > Mg3Al RH: 93%, 25ºC Jia et al. [170]  
Mg > AZ91 > AS31 NaNO3 (Electrochem) Shaye et al. [171] 
Mg12Al > Mg9Al ~ Mg6Al ~ Mg2Al > Mg1Al NaCl solution (EIS) Liu et al. [172] 
Mg10Al > Mg5Al > Mg22Al > Mg1Al > Mg41Al NaCl solution (EIS) Shi et al. [173]  
AZ91 (160 ppm Fe) >> AZ91 (19 ppm Fe) Salt spray testing (WL) Froats et al. [174] 
    *WL: weight loss, EIS: Electrochemical Impedance Spectroscopy 
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Unresolved issues in Mg- and Mg-Al alloys-corrosion There are several controversies 
surrounding Mg and Mg-Al alloys-corrosion. Arguably, the roles of Al, the role of Cl-, and 
mechanistic aspects of Mg corrosion, which are briefly discussed below, are the two major 
instances of such complications.   
The anodic hydrogen evolution of Mg Scientists have long been puzzled by the unusual 
electrochemical behavior of Mg. Studies of several electrolytes, e.g., during anodic polarization 
show that while negative polarization from the corrosion potential increases the H2 evolution 
on Mg, as expected, polarization of the electrode in the positive direction has, unexpectedly, 
the same effect, which defies basic electrochemical theory [175-177]. It has also been reported 
that the current measured in Mg corrosion experiments is too low to correspond to anodic 
dissolution by Mg(s) Mg2+(aq)+2e- [178]. This long-standing mystery has been termed the 
anodic hydrogen evolution (anodic HE) [179] and the negative difference effect (NDE) [180]. 
Several explanations have been suggested for the anomalous electrochemical behavior of Mg 
[178-188]. Of these, the most crucial ones are briefly mentioned below. 
In 1954, Petty et al. [181] suggested that the anodic HE is linked to the existence of Mg+ (aq) 
intermediate in Mg corrosion (Mg  Mg+(aq) + e-). Song and Atrens have claimed that there 
is strong evidence for the existence of unipositive Mg ions in Petty’s experiment and extended 
his postulation to a mixed chemical and electrochemical model for the anodic HE [182]. Thus, 
their model assumes that Mg+ has a sufficient lifetime to disengage from the surface, enter the 
solution, and, finally, react chemically with water, forming H2. Although the Mg
+ mechanism 
has been popular and is widely used by many workers to describe other aspects of the Mg 
dissolution, it has been criticized by Birbilis et al. [183], Frankel et al. [184], Kirkland et al. 
[185], Rossrucker et al. [186], Williams et al. [187], Samaniego [189], and Scully et al. [183]. 
They call the Mg+ mechanism into question on the basis that; (a) there is no evidence of the 
existence of Mg+ (see e.g., Samaniego et al. [188]), and (b) recent observations prove that Mg 
dissolves with a stoichiometry of n = 2. Despite the experimental results (e.g., [179, 185, 189]) 
disproving the suggestion of Petty et al. [181], the followers of the Mg+ theory still insist [189, 
190] on its contribution to the anodic dissolution of Mg! 
Thomas and co-workers [133] have recently discussed the current views on the possible 
mechanisms responsible for anodic HE. They hypothesized that anodic HE is linked to the 
occurrence of an enhanced catalytic activity of Mg surfaces, which may be caused by 
enrichment of nobler elements and impurities in the surface film. Regarding the cathodic 
activity of corroded Mg surfaces, the reader is encouraged to consult the research by Birbilis et 
al. [183]. Moreover, there is evidence confirming the role played by pH alteration in the surface 
region of dissolving Mg and subsequent anodic HE. Thus, it has been shown that when the 
surface pH is maintained by a flowing buffered electrolyte, no appreciable NDE occurs [192]. 
In spite of the studies cited above, anodic HE remains beloved by the Mg-corrosion scientists 
due to its importance and its complications. 
The role of Al As mentioned above, it is believed that increasing the Al concentration (> ~ 3 
wt.%) increases the kinetics of cathodic reactions. The increase in the cathodic activity is 
usually attributed to the formation of a relatively high fraction of β phase particles (e.g., in Mg-
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Al alloy AZ91), which intensifies the micro-galvanic coupling, and, consequently, the rate of 
corrosion. According to Corrosion Prevention of Magnesium Alloys [193], ''an Mg alloy is 
expected to be subjected to increasingly severe corrosion with an increasing amount of the 
secondary phase in the alloy''. This would mean that an Mg-Al alloy with a high fraction of β 
phase, would corrode faster than an alloy with a lower fraction of intermetallic particles, which 
is not consistent with the results presented in this thesis!  
There is also another side of the coin; where Al decreases the anodic kinetics by contributing 
to the protective character of the quasi-passive films formed on Mg-Al alloys. This happens by 
suppressing the rate of film growth with respect to the Mg matrix [140, 155, 156]. To date, the 
mechanism by which the Al-rich layer is formed at the MgO/Mg interface is not known. In 
relation to this, Asmussen [194] has recently stated ''To improve this understanding requires 
studies of different Al containing Mg alloys, binary Mg-Al alloys, and the exposure of pure Mg 
to solutions containing Al3+ to determine whether the Al-rich layer develops via solid state 
process or by re-deposition of the Al following its dissolution from the alloy surface''.  
The Al-rich layer in the bottom of the surface film has been attributed to the different affinity 
of oxygen for Al and Mg. Accordingly, Cano et al. [156] concluded that the affinity of O2 for 
Al is higher than for Mg. However, a simple thermodynamic calculation shows that this 
assumption is wrong. To make this clear, consider the following Equation: 
  Al2O3(s) + 3Mg(s)            2Al(s) + 3MgO(s)                         Equation (1.19) 
where ΔGºformation(298 K) is negative (the relevant thermodynamic data was extracted from the 
reference book Thermochemical Data of Pure Substances [195]). Consequently, the formation 
of the Al-rich oxide layer on Mg-Al alloys cannot be explained by the relative thermodynamic 
stability of Al2O3 and MgO. Indeed, it shows that the answer to this question is related to other 
phenomena and yet to be understood.  
It may be noted that, apparently, this latter role of Al does not play any important role when 
Mg-Al alloys are being investigated by immersion test conditions, as those studies (Table 1.8) 
invariably show that the rate of corrosion increases with an increase Al content. 
Concerning the role of Cl- Despite the researches recently performed using high resolution 
analytical techniques (Table 1.7), it remains unclear how the films comprising Mg 
oxide/hydroxide/Al-oxide are disrupted by Cl-.  
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A closer look into the atmospheric corrosion of Mg-Al alloys While the corrosion behavior of 
Mg and Mg-Al alloys in aqueous solutions has been the subject of numerous studies, their 
atmospheric corrosion characteristics have been studied to a much lesser extent. Considering 
the applications of Mg-Al alloys, which are mainly in automobiles, aeronautical, housing 
utensils and aerospace, these materials are frequently used in atmospheric conditions. For this 
reason, there is significant interest in examining the atmospheric corrosion of Mg-Al alloys by 
means of both field-based and laboratory-based studies. As described earlier, understanding the 
atmospheric corrosion behavior of Mg-Al alloys can be quite challenging due to the large 
number of atmospheric variables that affect the corrosion process. On the basis of the results 
presented in this thesis, it can be mentioned that the atmospheric corrosion of Mg-Al alloys is 
largely governed by the combined effects of microstructure and environmental parameters, such 
as RH, and Cl- concentration. In the atmospheric corrosion of Mg-Al alloys, Mg dissolves 
anodically (according to Equation 1.14) and the cathodic current is mainly provided by 
hydrogen evolution [105]. In a fairly old work by Tomashov et al. [196, 197], it has claimed 
that oxygen reduction can also to be important in the atmospheric corrosion of Mg; 
 
  O2 (g) + 2H2O (l) + 4e-  4OH- (aq)          Equation (1.20) 
 
However, as mentioned previously, hydrogen evolution is believed to be the dominant cathodic 
reaction under immersion conditions. In spite of the absence of work concerning the role of 
oxygen in the atmospheric corrosion process of Mg and Mg-Al alloys in the literature, several 
workers argue that the hydrogen evolution is the dominant cathodic reaction in the outdoor 
environments [105, 165, 170]. Consequently, corrosion is not expected to depend on PO2 [105].  
The typical range of corrosion rates reported for Mg alloys AM50 and AZ91D exposed in 
various outdoor environments is 2-20 µm/year. In a clear contrast to all the immersion test 
studies mentioned in Table 1.8, Mg alloy AZ91D normally exhibits a higher atmospheric 
corrosion resistance than alloy AM50. For example, while a corrosion rate of 8.8 µm/year has 
been reported for alloy AM50 in a marine environment, the corresponding value for AZ91D 
was reported to be 4.2 µm/year [198]. In a project called ''Assessment of Corrosivity of Global 
Vehicle Environment'' the relative corrosivity of the vehicle environment was measured globally 
by attaching coupons to trailers (mobile exposures) operating in six parts of the world [199]. 
Alloy AZ91D was one the materials tested, see Table 1.9. Not surprisingly, the experiment 
revealed that Sweden, England, and Canada were the most corrosive environments for the 
alloys. This is likely linked to; (a) the use of de-icing salt during the winter, and (b) the time of 
wetness (TOW) in these regions, which is defined as the duration of the electrochemical 
corrosion processes. As can be seen in Table 1.9, AZ91D exhibited lower corrosion rates than 
carbon steel, in some cases by a factor of ~ 6. The causes behind the rather slow atmospheric 
corrosion of Mg alloys are still not fully understood. However, it is suggested that the inhibitive 
effect of ambient concentrations of CO2 on the corrosion of Mg-Al alloys may be part of the 
explanation, see the role of CO2 on the atmospheric corrosion behavior of Mg-Al alloys in the 
Results and Discussion section.  
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Table. 1.9. Corrosion rate (µm/year) of Mg alloy AZ91D, carbon steel and zinc exposed in traffic at six 
different locations around the world [199].  
 Alloy AZ91D Carbon steel Zn 
France 3.9 20.7 5.2 
Dubai 4.0 6.4 0.7 
Thailand 3.1 11.1 0.3 
Canada 8.5 57.3 4.8 
Sweden 14.7 50.1 3.6 
England 10.7 66.8 8.9 
Ambient levels of CO2 play an important role in the atmospheric corrosion behavior of Mg 
alloys [233]. In the presence of CO2, part of Mg(OH)2 is replaced by Mg hydroxy-carbonates 
(Note: ''hydroxy'' is often incorrectly referred to as ''hydroxyl'' in many Mg-corrosion studies) 
(Equation 1.21) such as Mg5(CO3)4(OH)2×4H2O (hydromagnesite) [230, 233]; 
 5Mg(OH)2 (s)+4CO2 (aq) Mg5(CO3)4(OH)2×4H2O (s)                            Equation (1.21) 
CO2 affects Mg-corrosion by its impact on the pH of the electrolyte. Experimental 
investigations have shown that the pH value in equilibrium with hydromagnesite and 400 ppm 
CO2 falls in the range 8.6 - 8.8 [136]. The effects of CO2 and other atmospheric variables, e.g., 
SO2 and temperature, and climate factors, e.g., humidity and temperature on the corrosion 
behavior of Mg alloys are discussed in the Results and Discussion section. 
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1.4. Magnesium-based composites 
 
1.4.1. Generalities 
 
Depending on the base matrix, composites are categorized into three main types; polymer 
matrix composites (PMCs), ceramic matrix composites (CMCs), and metal matrix composites 
(MMCs). The necessity for metallic materials with superior mechanical properties and low 
density in the automotive and aerospace industries resulted in the development of MMCs in the 
early 1960s [200]. MMCs contain at least two constituents, one is a metallic material and the 
other one is a ceramic or an organic compound with an interface separating the constituents. In 
construction applications, in which light (Al-, Ti- and Mg-based) MMCs are used, ceramics are 
predominantly employed as reinforcing elements [200-202]. The aim of manufacturing ceramic 
reinforced MMCs is to effectively combine the attractive properties of light metals (low specific 
weight, ductility, toughness, and good castability) and the unique properties of ceramics (the 
extremely high wear resistance, high specific strength, and modulus), see e.g., Fig. 1.7. During 
the last two decades, there has been significant progress in the development of light MMCs, 
and they may be introduced into crucial engineering applications. 
 
Fig. 1.7. Young’s modulus versus density of different materials. Note to the relative position of metallic 
materials (especially Mg alloys), ceramics and composites in the graph. Reproduced based on [203].  
   
Based on the shape of the reinforcement used, MMCs are classified into four major categories: 
(a) particle reinforced (discontinuous) MMCs, (b) short fiber or whisker reinforced MMCs, (c) 
continuous fiber or sheet reinforced MMCs, and (d) laminated or layered MMCs. Thus, it is the 
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aspect ratio (the ratio of length to diameter) of the reinforcement that distinguishes the three 
different kinds of reinforcements [200-203] (see Fig. 1.8). Of these, particle-reinforced MMCs 
are mostly employed by automakers. In this type, particulates are mainly ceramics, such as 
silicon carbide (SiC), and aluminum oxide (Al2O3), see some examples in Table 1.10, because 
of their exceptionally good mechanical properties and low cost. Carbon nanotubes (CNTs) [205, 
206] and graphite [207, 208] have also been used for producing Al- and Mg-based MMCs. 
Particle-reinforced MMCs, which exhibit good stiffness and strength, high thermal and 
electrical conductivity, good wear resistance, as well as good high temperature properties, can 
be suitable substitutions for metallic alloys and conventional ceramics [200]. 
 
Fig. 1.8. The four types of MMCs on the basis of reinforcements. Reproduced based on [204].  
The choice of matrix/host combination depends on the application of the MMCs. Examples are; 
(a) conventional cast alloys such as G-AlSi7 (A356) [209], AZ91 [210], AE44 [211] and AE42 
[212], (b) conventional wrought alloys, such as Al-Mg-Si (AA6xxx) [213], Al-Cu-Si (2xxx Al 
alloys) [214], Al-Zn-Mg (7xxx Al alloys) [215], and Ti-6Al-4V [216], and (c) special alloys, 
such as Al-Cu-Mg-Ni-Fe alloy 2618 [217], Al-Cu-Mg-Li alloy 8090 [218], and AZ91Ca [219]. 
    Table 1.10. List of examples of ceramic particulates used as reinforcement in composites [200, 201]. 
Matrix Carbide Nitride Boride Oxide 
Silicon SiC Si3N4 - - 
Zirconium ZrC ZrN ZrB2 ZrO2 
Boron B4C BN - - 
Aluminum - AlN - AL2O3 
Titanium TiC TiN TiB2 - 
Tungsten  W2C, WC W2N, WN W2B, WB - 
Molybdenum Mo2C, MoC Mo2N, MoN Mo2B, MoB - 
Mg alloys-based MMCs have attracted attention because of their exceptional light weight, good 
damping capacity, excellent castability, superior machinability, as well as the high specific 
strength [200, 219]. Mg-based MMCs exhibit sufficiently high mechanical strength at elevated 
temperatures, and good wear resistance which are crucial properties lacking in Mg alloys. SiC 
is one the most preferred particles for MMCs owing to its combination of mechanical 
properties, low density and cost. Al oxide (Al2O3) is the second widely used reinforcing element 
for Mg-based composites. Other particle reinforcements, e.g., graphite, and B4C, can give the 
MMCs specific topological properties, see [201]. 
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1.4.2. Mechanical properties of MMCs 
Improvement of mechanical properties is an extremely important motive for the use of Mg-
based MMCs. In general, MMCs exhibit better mechanical properties than their monolithic 
counterparts. This is achieved through several mechanisms, such as transferring the load to the 
reinforcements and an increase in the density of dislocations. From Equation 1.20, it is possible 
to quantify the effect of ceramic particles on the increase in the yield strength of MMCs [200]; 
∆𝜎 =  0.5 𝜎𝑦 .  𝑓   Equation (1.22) 
where 𝜎𝑦 is the stress in the matrix and 𝑓 is the volume fraction of particles. In addition, the 
fraction of dislocations is increased by adding ceramic particles due to the difference in the 
coefficient of thermal expansions (CTE) between the host alloy and the ceramic particles [220]. 
Normally, the CTE of the metallic matrix is higher than that of the ceramic reinforcements 
causing the development of geometrically necessary dislocations (around themselves) in the 
matrix when the MMC is cooled. Thus, cooling-induced strains induce thermal stresses, which 
result in a relatively high yield strength in MMCs. In 1988, Humphreys [221] proposed a 
universal micro-mechanical model to describe the effect of ceramic particulates on the strength 
of particle-reinforced light MMCs; 
 ∆𝑅𝑝,𝐶 =  ∆𝜎𝛼 + 𝜎𝐾𝐺 +  ∆𝜎𝑆𝐾𝐺 + ∆𝜎𝐾𝐹    Equation (1.23) 
 
where ∆𝑅𝑝,𝐶 is the increase in the tensile strength of an alloy by the addition of ceramic 
particles. ∆𝜎𝑆𝐾𝐺 , ∆𝜎𝐾𝐹, and 𝜎𝐾𝐺 are the effects of grain size and are described based on kY1D
-
1/2 (k is a constant and D is the grain size). ∆𝜎𝛼 is the effect of ceramic particle-induced 
dislocations and inner tension and is described by Equations 1.24 and 25 [222]; 
∆𝜎𝛼 =  𝛼 . 𝐺 . 𝑏 .  𝜌
1
2  
 Equation (1.24) 
𝜌 = 12 ∆𝑇 
∆𝐶𝜑𝑝
𝑏𝑑
 
Equation (1.25) 
 
where 𝛼 is a constant with values ranging between 0.5-1, 𝐺 is the shear modulus, 𝑏 denotes 
Burger’s vector, 𝜌 is the density of dislocation, ∆𝑇 is the temperature difference, ∆𝐶 is the 
difference in the thermal expansion coefficient between the matrix and ceramic particles, 𝜑𝑝 is 
the volume fraction of particles, and 𝑑 is the size of the particles. In addition to the 
abovementioned reasons, particle-induced grain growth also plays a crucial role in the superior 
properties of MMCs. Thus, particles inhibit grain growth during the solidification of MMCs 
[223, 224]. According to the Hall-Petch relationship, any decrease in grain size results in an 
increase in the yield strength of a material [224]. It should also be mentioned that MMCs exhibit 
relatively poor elongation [225]. Thus, the tensile elongation of the MMCs decreases 
significantly with an increase in the volume fraction of ceramic particles [225, 226]. The tensile 
fracture of MMCs is mainly associated with cracking of particles and/or the formation of voids 
at the matrix/particle interfaces [226]. This becomes a serious concern when there are 
agglomerated particles in the microstructure of the MMCs. Studies suggest that the tensile 
elongation can be improved using small-sized (nano-sized) ceramic particles, as coarse particles 
exhibit a higher probability for fracture-induced defects and voids [227, 228].  
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1.4.3. Manufacturing routes 
The art of mixing matrix and reinforcements is termed the ''primary processing'' of MMCs. In 
the ''secondary processing'' step, composites are shaped, extruded or deformed to manufacture 
the desired profile [200, 201]. The secondary processes may lead to breaking up the particles, 
the reduction or elimination of porosity and improvement in bonding. An overview of 
fabrication processes for MMCs is shown in Fig. 1.9. The most important techniques are based 
on liquid- and solid-sate processes as well as deposition processes [229-234]. Both liquid- and 
solid-state processes are used for the fabrication of MMCs [219]; 
1. Melting metallurgical processes (liquid-sate processing): 
 
1.1. Infiltration of short fibers and particles using squeeze casting, infiltration or pressure 
infiltration.  
1.2. Processing of precursor material by sintering the particles in metallic melts using sand 
casting, permanent mold casting or HPDC techniques. 
2.   Powder metallurgical processes (solid-state processes):  
2.1. Pressing and sintering and/or forging of powder mixtures. 
2.2. Extrusion or forging of metal-powder mixtures. 
 
Fig. 1.9. A diagram showing the common processing methods used for fabricating MMCs. (P: Particulate, 
SF: Short fibers, CF: Continuous fibers, MF: Monofilament).  
Liquid-state processing methods are more frequently used for producing MMCs than solid-state 
processes, like powder metallurgy, because of their low cost and their potential for producing 
complex and thin-walled engineering components [200]. The most commonly liquid-state 
methods are stir casting, gas pressure infiltration, squeeze or pressure casting, compo-casting, 
and melt sintering [200, 219].   
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Stir casting introduces the ceramic particles into the melt. An appropriate distribution of 
particulates is achieved by mechanical stirring. A major problem associated with this process 
is the increase in the melt viscosity caused by ceramic additions. Also, interfacial reactions 
between the melt and ceramic particles due to the prolonged contact between molten alloy-and 
ceramic particles cause the formation of undesirable intermetallics in interfacial areas. 
Additionally, segregation of reinforcing particles is commonly observed due to the surfacing or 
settling of the particles during melting and casting. This method is mainly employed for 
producing MMCs containing ceramic particles < 30% in volume fraction [235, 236].   
Gas pressure infiltration infiltrates the melt through an applied inert gas. The infiltration is 
done in a pressure vessel. This process is capable of producing MMCs with a high fraction of 
reinforcements (> 30%). The chance of the development of detrimental interfacial reactions is 
less than with the stir casting owing to the shorter processing time than for the stir casting. This 
process also suffers some limitations. For instance, reinforcements can be damaged, and 
normally the microstructure of the MMC becomes coarsened [237-239].  
Squeeze casting employs high pressures to inject a molten alloy into a pre-processed mold, 
which contains reinforcements. As compared to stir casting, this type of casting can produce 
Mg-based MMCs with a higher fraction of particle reinforcements, up to 40-50%. Moreover, 
the use of high pressure results in a relatively low fraction of shrinkage and pores, especially in 
Al-based MMCs. However, high pressures may result in turbulent flows of the molten Mg alloy 
and, consequently, cause the formation of gas entrapment and Mg oxidation. The process has a 
poor ability to produce MMCs in large quantities [240, 241].   
Compo-casting introduces preheated reinforcements into a slurry with the help of agitation. 
Thus, compo-casting constitutes SSM processing of MMCs. The major concern associated with 
this technique is producing MMCs with a homogenous distribution of particles with a low 
fraction of pores. In addition, similar to stir casting, there is the risk for the development of 
harmful interfacial reaction due to the extended contact between the melt and ceramic particles. 
The RC process, which was used to produce Mg alloys monolithic AM50 and AZ91D and Mg-
based MMCs in this work is considered to be a type of compo-casting [242, 243].  
There are also some other processes employed for producing MMCs, such as high-energy ball 
milling [244, 245], spray deposition [246], in-situ techniques [247] and friction stir processing 
(FSP) [248, 249], but these are not described here. During the last two decades, there have been 
extensive studies regarding the fabrication of Mg-based MMC using different casting and SSM 
processing techniques. Table 1.11 shows some examples of these attempts.  
 
   Table 1.11. Examples of studies reporting the production of Mg-based MMCs using different techniques. 
Alloy Casting Reinforcement Volume (%) Reference 
Pure Mg Compo-casting SiC 10 [250] 
Pure Mg Powder Metallurgy B4C 10-20 [251] 
Pure Mg Melt infiltration B4C 10 [252] 
AZ31 Friction Stir Processing TiC 6-18 [253] 
AZ31 Melt Deposition Al2O3 (nano-sized) 1.5% [254] 
AM50, AZ91 Compo-casting SiC 10-20 [255] 
AZ91 Stir Casting SiC 5-20 [256] 
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As seen in Table 1.11, most of the work related to Mg-based MMCs has been devoted to pure 
Mg and Mg-Al-Zn (AZ) series, and, surprisingly, there is only one study that reports on the 
fabrication of Mg-Al-Mn (AM) Mg alloy AM50, i.e., the work done by Regev et al [255]. This 
motivated us to conduct a study concerning the capability of the RC technique for fabricating 
Mg alloy AM50-based MMCs.  
 
1.4.4. Interfaces, wetting and compatibility 
As mentioned earlier, the properties of MMCs largely depend on the nature of the interfaces 
between the ceramic particles and the matrix. No stress can be transferred without strong 
bonding at the interfaces. Mg alloys have a CTE value of about 2710-6K-1. Ceramic particles; 
however, typically show CTE in the range 3-10 (10-6K-1). This results in plastic deformation 
at elevated temperatures, see [257-259] for more details. A prerequisite for achieving desirable 
bonding at interfaces is the wettability of the ceramic additions by the metallic melt. Wettability 
is typically defined as the ability of a molten metal to spread on a particle surface, and 
symbolizes the extent of intimate contact between a melt and a ceramic particle [257, 258]. It 
is characterized by the wetting angle (θ) based on the following Equation (Young's Equation), 
where smaller θ indicates a better wetting, see Fig. 1.10.  
 
𝐶𝑜𝑠 𝜃 =  
𝜎𝑝 −  𝛾𝑚𝑝  
𝜎𝑚
   Equation (1.26) 
 
where the three terms on the right-hand side of the Equation denote the surface energies of the 
molten metal and ceramic particles. Unfortunately, the wettability of ceramic particles in molten 
Mg and Al alloys tends to be poor. Various pre-processing techniques have been suggested in 
order to improve the wetting of ceramic particles by liquid metal, such as increasing the metal 
liquid temperature, the pre-treatment of particles, and coating or oxidizing the ceramic particles.  
SiC, C-fibers, B4C and Al2O3 particles are the most important reinforcements in Mg-based 
MMCs [259, 260], see e.g., Table 1.11. 
In the case of SiC, which is the ceramic used for producing Mg-based MMCs in this work, the 
following reactions are examples of probable interfacial reactions at the interfaces [256]; 
g (l) + SiO2 (s)  2MgO (s) + Si (s)  Equation (1.27) 
MgO (s) + SiO2 (s)  MgSiO3 (s) Equation (1.28) 
2Mg (l) + SiC (s)  Mg2Si (s) + C (s) Equation (1.29) 
2Mg (l) + Si (s)  Mg2Si (s) Equation (1.30) 
 
Fig. 1.10. Schematic illustration of how contact angle (θ) is related to the interface energies. Wetting occurs 
for θ < 90º, i.e., cosθ is positive, and perfect wetting is achieved when θ is 0º. 
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1.4.5. Corrosion of Mg alloys-based composites 
Although the corrosion behavior of Mg-based MMCs [262-267] has been much less studied 
than the corrosion of Mg alloys, it is reasonable to consider that the Mg- and Mg alloys-based 
MMCs corrode in a manner similar to the Mg alloys. However, the Mg-based MMCs contain 
additional compounds and contaminants.  
From a corrosion point of view, composite technology is a strenuous application for Mg and 
Mg alloys. Hihara et al. [264] have studied the corrosion behavior of two SiC-reinforced Mg-
based MMCs (pure Mg and Mg alloy ZE41A as the matrices). They have reported that the 
corrosion resistance of the Mg alloy-based MMC was better than that of the pure Mg-based 
MMC. However, both composites corroded faster than their monolithic counterparts. In one 
case, it was reported that the rate of corrosion for the MMC was 7 times higher for the MMC 
than for a bulk alloy [265]. Therefore, it is generally believed that Mg-based composites are 
strongly prone to corrosion. This also true for most of the Al-based MMCs [266].  
One question is whether the ceramic particles are cathodically active or not. Pardo et al. [269], 
who examined the corrosion behavior of SiC reinforced Mg alloy AZ92 in 3.5 wt.% NaCl, 
reported that localized corrosion at intermetallic particle/matrix interfaces is inconsequential in 
comparison to the overall corrosion rate. If the reinforcing particles are not cathodically active, 
reaction products (e.g., Mg2Si) may act as cathodic sites. Another possibility is that impurities 
(e.g., Fe) of the reinforcements enter the matrix and form cathodically active Fe-rich particles, 
which can strongly increase the rate of corrosion.  
The role of defects in corrosion is also crucial, and if Mg-based MMCs contain a relatively high 
fraction of pores, the poor corrosion resistance of the MMCs may be partly linked to the casting 
pores. Also, as mentioned above, the MMCs contain reinforcements-induced dislocations 
(around the ceramic particles) in the matrix. This can also affect the corrosion resistance of 
MMCs, having in mind (see e.g., [79]) that variations in the dislocation density can cause micro-
galvanic corrosion in Mg and Mg alloys. And finally, the protective character of the surface 
films formed on the MMCs can be affected by the ceramic reinforcements and their impurities. 
It is interesting to note that the mentioned possible causes behind the poor corrosion properties 
of the MMCs have so far hardly been studied (in-depth) or substantiated in the literature. The 
microstructure and, to some extent, the corrosion behavior of Mg-based MMCs are discussed 
below (Chapter 3: Section 3.2.2) and in Papers XI and XII. Note tha there is no study in the 
literature on the atmospheric corrosion of Mg-based MMCs produced by the semi-solid casting. 
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1.5. Aluminum-Magnesium-Silicon (Al-Mg-Si) alloys 
  
The third light material investigated in this thesis is an Al-Mg-Si alloy, which was the base 
alloy for the FSW/P experiments. This chapter provides general information about Al alloys 
with a focus on the Al-Mg-Si series.  
1.5.1. Generalities 
Al is a highly versatile metal and it is the most widely used metal after iron [269]. Al is also the 
second lightest engineering metal, after Mg, with a density one third that of iron, 2.7 g/cm3, see 
Table 1.4 (above). Pure Al is soft, ductile, corrosion resistant, and has a high electrical 
conductivity. It is widely used for foil and conductor cables, but alloying with other elements 
is essential to deliver the strength required for other applications. Al alloys are categorized 
according to production process and alloying elements. In general, Al alloys are classified as 
wrought, cast, and foundry ingot. Of these, wrought Al alloys, which are originally cast as 
ingots or billets and then hot/cold worked mechanically into the desired shape, cover more than 
80% of the products in service in the world [269, 270]. Wrought Al alloys can be categorized 
into two main groups; (i) non-heat-treatable (1xxx, 3xxx, 4xxx and 5xxx), and (ii) heat-treatable 
(2xxx, 6xxx and 7xxx) alloys, see Fig. 1.11. Al alloys have a 4-digit designation in which the 
first digit designates purity or alloy, and the second digit specifies modifications of the alloy. 
Only in the 1xxx family do the third and fourth numbers show the purity of the material [269, 
270]. For instance, 1060 is an Al with 99.60% purity. The third and fourth digits in the other 
series classify various alloys in the group and have no special significance. 
 
Fig. 1.11. Main alloying elements and applications of Al alloys. The upper alloys, i.e., 1, 3, 4 and 5xxx are 
non-heat-treatable and the bottom ones, i.e., 2, 6 and 7xxx are heat-treatable Al alloys.  
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The four-digit designation of Al alloys is commonly complemented by any of the following 
letters: F (as fabricated), H (strain hardened), O (annealed), W (solution heat treated), and T 
(heat treated to fabricate stable tempers other than F, O, H and W). Table 1.12 lists the temper 
designations used for Al alloys. The suffixes may also comprise extra numbers [271]. For 
example, T6511 specifies that the alloy is solution heat-treated, stress-relieved by stretching, 
and artificially aged to reduce the possibility of distortion in machined parts. Of these, the Al 
alloy used in this work was in the T6 condition. 
    Table 1.12. Examples of the common temper designations and some examples of their variants used for 
heat-treatable wrought Al alloys [271].  
 
Temper condition General description 
T4 (e.g., T42 and T451) Solution heat-treated and naturally aged 
T5 (e.g., T51 and T52) Partial solution heat-treated and artificially aged 
T6 (e.g., T61 and T6511) Solution heat-treated and artificially aged 
T7 (e.g., T73 and T7351) Solution heat-treated and overaged 
 
Al alloys are widely used in, e.g., traffic engineering (transportation industry), building, and 
construction, owing to their high specific strength, recyclability, high corrosion resistance, good 
formability and excellent castability. However, they exhibit poor high temperature properties 
and low stiffness.  
1.5.2. Al-Mg-Si (6xxx) alloys; A closer look  
  
As mentioned, this thesis deals with wrought Al-Mg-Si-(Cu) (6xxx) alloys. The combination 
of strength, formability, corrosion resistance, and weldability of this class of Al alloys has made 
them a lightweight, durable, and affordable candidate for a wide range of applications in 
transportation (e.g., automotive outer body-panels and the railway industry), building and 
construction (e.g., doors, windows and ladders), marine industries (e.g., ship building, offshore 
structures and high speed ferries/crafts), and heating (e.g., brazing sheet) [272, 273]. A recent 
study [274] has shown that an average car or light truck produced in North America contained 
about 150 kg of components made of Al alloy (mainly 5xxx and 6xxx families) and that the Al 
content may increase to 350 kg by 2025. Figure 1.12 shows some examples of the present 
application of components made of Al-Mg-Si alloys. Mg (0.25 - 1.2 wt.%) and Si (0.3 – 1.3%) 
are the main alloying elements. Mg and Si form the most important intermetallic particles, from 
the point of view of mechanical properties, the coherent and semi-coherent Mg-Si precipitates. 
These types of Al alloys contain trace amounts of Fe, Mn, Cu, titanium (Ti), chromium (Cr), 
cadmium (Cd), and calcium (Ca) which are generally kept below 0.8 wt.% [269]. 
Mn and Fe exhibit very low solubility in the Al matrix. The low solubility of Fe in combination 
with high Si and Mn contents results in the formation of Fe-rich intermetallics with a wide range 
of stoichiometries such as Al5FeSi (monoclinic) [275], Al12Fe3Si (cubic) [276], Al12(FeMn)3Si 
(cubic) [277] and Al8Fe2Si (hexagonal) [278, 279] in the microstructure of the alloy during 
solidification. While these phases may form large and brittle particles that may have a 
detrimental effect on the mechanical properties of Al alloys due to the Zener Law (see [270] for 
more details), the addition of Fe is necessary to mitigate the soldering of molds and dies during 
fabrication. Similar to Mg, Cu confers additional strength to the alloys [280, 281].  
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Fig. 1.12. Examples of applications of Al alloys in cars, ''2025 target''. Adapted from [274].  
The Cu content may also result in the formation of coarse Cu-bearing phases such as Al2Cu and 
the ''Q phase'' in Al-Mg-Si-Cu alloys. Using high resolution microcopy, various chemical 
compositions of the Q phase with sub-micron-sizes have been reported, such as Al5Cu2Mg8Si6 
[282], Al4Cu2Mg8Si7 [283], Al4Cu1Mg5Si4 [284], and Al3Cu2Mg9Si7 [285, 286].  
It should be mentioned that a high strength is achieved when the precipitates are small. Several 
ways have been used to control the size and morphology of intermetallic particles in Al-Mg-Si 
alloys. One example is an increase in cooling rate, which can significantly decrease the size of 
intermetallic particles [286].  
The basic precipitation sequence for ternary Al-Mg-Si alloys is generally regarded as; SSSS 
(super saturated solid solution or α- super-saturated) → Clusters → Guinier-Preston (GP) zones 
→ β'' → β' → β, where β'' and β' are usually formed as needle- and rod-like precipitates and are 
metastable precursor phases of the equilibrium phase β (Mg2Si) that forms as platelet particles 
in the microstructure of alloys [285]. In Cu-bearing 6xxx alloys the precipitation sequence may 
be more complex; SSSS → Clusters → GP zones → β'' → β' → Q' → Q (lath-shaped) → Q + 
Si, where Q' is the precursor of the equilibrium Cu rich Q phase, indicating that Cu can change 
the precipitation sequence in Mg-Al-Si alloys and alter the metastable phases of Mg2Si and 
support the formation of fine intermetallic particles [285, 286]. To sum up, intermetallic 
particles (especially Mg2Si (β), not to be confused with the β (Mg17Al12) phase in Mg alloys) 
contribute to the mechanical properties, if they are finely dispersed in the microstructure. 
However, it should be kept in mind that that these intermetallic particles can enhance the 
corrosion activity of alloys, see below.  
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1.5.3. Corrosion of Al-Mg-Si alloys  
  
The high corrosion resistance of Al is connected to the formation of a thin (< 3 nm) amorphous 
alumina (Al2O3) film (1.30), which if damaged, re-forms itself in most environments. The film, 
which is called the passive film, is formed on the surface when exposed to dry air (Equation 
1.31) or water (Equation 1.32) [287, 288].  
2Al (s) + 3/2O2 (g)  Al2O3 (s) Equation (1.31) 
2Al (s) + 3H2O (l)   Al2O3 (s) + 3H2 (g) Equation (1.32) 
The passive film is dense and well-bonded to the Al surface, protecting the matrix by inhibiting 
anodic dissolution of α-Al. When water is present this layer is partially replaced to Al 
hydroxides or Al oxyhydroxides, e.g., boehmite (γ-AlO(OH)) [289]. In neutral water, alumina 
and Al(OH)3 are almost insoluble. In acidic conditions, the Al2O3/Al(OH)3 can dissolve and 
form Al3+, according to Equation 1.33. In alkaline solutions, the film dissolves through reaction 
with OH- forming aluminate ions [289, 11] (see the E-pH diagram in Fig. 1.13); 
Al(OH)3 (s) + 3H+ (aq)  3H2O (l) + Al3+ (aq) Equation (1.33) 
Al(OH)3 (s) + OH- (aq)  Al(OH)-4 (aq) Equation (1.34) 
As the passive film is thinned in this way, the anodic dissolution can start; 
Al (s) + 3OH- (aq)  Al(OH)3 (s) + 3e-  Equation (1.35) 
In a neutral solution the anodic process becomes;  
Al (s) + 4OH- (aq)  Al(OH)4- (s)+ 3e-  Equation (1.36) 
The cathodic reaction can be oxygen reduction or hydrogen evolution [13, 15, 289]; 
½O2 (g) + 2H2O (l) + 2e-  2OH- (aq)  Equation (1.37) 
2H2O (l) + 2e-  H2 (g) + 2OH- (aq)  Equation (1.38) 
2H+ (aq) + 2e-  H2 (g)  Equation (1.39) 
 
The overall reaction can be written by combining Eeactions 1.36 and 1.38 as; 
2Al (s) + 2OH- (aq) + 6H2O (l)  2Al(OH)4- (aq) + 3H2(g)  Equation (1.40) 
 
 
Fig. 1.13. Potential-pH Pourbaix diagram for Al at 25ºC, logC = -6. Reproduced based on [11]. 
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The role of chloride When exposed to solutions containing halide ions (e.g., Cl-), Al exhibits 
localized passive film failure [292, 293]. Frankel [287], Kruger [294], and more recently 
Strehblow [295] have discussed the mechanisms for the interaction between Cl- and passive 
film oxides. The interaction is thought to involve; (a) the adsorption of Cl- , (b) the penetration 
of Cl- towards the oxide layer/alloy interface, and (c) the breakdown of the passivating oxide. 
In an alternative mechanism for the passive film breakdown by Cl- ions, the so-called adsorption 
model for pitting initiation on Al and Al alloys assumes that the dissolution of the alumina film 
is triggered by the chemical adsorption of Cl- anions on the film surface. In this scenario, the 
formation of the Al3+-Cl- bond causes bond weakening within the alumina layer. As this process 
continues, alumina dissolution (forming e.g., AlCl2(H2O)4
+(aq)) and initiation of anodic 
dissolution occurs, causing pitting [296, 297]. Al chloride (AlCl3.6H2O), Al oxychlorides 
Al(OH)2Cl and Al(OH)Cl2 may form within Al pits [288].   
The role of intermetallic particles The protective, and self-healing, oxide film formed on Al 
alloys is affected by the presence of Mg-, Fe-, and Cu-rich intermetallic particles [298]. For 
example in Al-Mg-Si alloys, which contain numerous Mg-Si particles, the oxide layer formed 
on the surface of the alloy is not solely alumina oxide but also contains Mg2+. When large Fe-
rich intermetallic particles (e.g., Al8Fe2Si) are taken into account, the harmful effect of 
intermetallic particles on the homogeneity, and, accordingly on the protective character of the 
passive layer becomes notable. These areas are potential cathodic sites. The matrix adjacent to 
these particles, which are partially protected by the surface film, undergo anodic dissolution 
resulting in film breakdown and finally the initiation of corrosion pits. Pitting can be clearly 
seen in the SEM images and the schematic in Fig. 1.14.    
 
Fig. 1.14. (a) & (b) Surface morphology of alloy AA6xxx after 1200 h exposure in the presence of NaCl 
and 95% RH, and (c) schematic illustration showing the occurrence of peripheral pitting. A special note 
must be made regarding the difference in the micro-galvanic corrosion occurring in the Al alloys and Mg 
alloys, where, in the latter case, the localized corrosion occurs mainly not in the matrix adjacent to noble 
particles but at a certain distance from the particles (inside α-Mg grains). 
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Thus, intermetallic particles play a vital role in the corrosion properties of Al alloys. During the 
last two decades, there have been several comprehensive studies that assess the effect of 
intermetallics on the corrosion of Al alloys. Buchheit et al. [299], Birbilis and Buchheit [300] 
measured the corrosion potential of many intermetallic particles in Al alloys in chloride-
containing solutions. It is generally accepted that the nobler intermetallic particles (e.g., FexMny 
particles), cause the anodic dissolution of their surrounding Al matrix. Conversely, more active 
particles (e.g., the phases that contain Zn and Mg) may become local anodes, and, consequently, 
will corrode away. Using a microcapillary electrochemical cell, Birbilis and Buchheit [300] 
have shown that the particles exhibiting the largest cathodic current densities are not necessarily 
those with the noblest Ecorr. Likewise the particles with the least noble Ecorr do not necessarily 
sustain the largest anodic currents. 
To conclude, the role played by intermetallic particles in the corrosion of Al alloys is well-
documented in the literature. However, there is little information on the role of particle size in 
the cathodic activity of particles. Elucidating the effect of intermetallic particle size on the 
corrosion of Al alloys is one of the aims of this part of the thesis.   
1.5.4. Friction Stir Welding and Processing (FSW/P) 
  
Welds are inevitable in lightweight structures. A measure of the significance of welding for 
Swedish society has been provided by the Swedish Welding Commission 
(Svetskommissionen), which estimates that one third of Sweden’s overall gross national 
product (GNP) has content associated with welding. For decades, the only welding method for 
Al alloys was fusion-types of welding techniques, such as gas metal arc welding (GMAW), gas 
tungsten arc welding (GTAW) and shielded metal arc welding (SMAW) [284]. In 1991, 
Thomas et al. [301, 302] invented and introduced FSW. This method is a hot-shear, solid state 
type of welding, i.e., there is no melting of the material being welded as opposed to conventional 
fusion welding techniques, and, thus, there is no risk of cracking and/or porosity, which 
typically occur in fusion type welding [303, 314]. In FSW, a rotating non-consumable 
cylindrical tool consisting of a shoulder and an extended pin (with a smaller diameter than the 
shoulder) are inserted into the material, e.g., in the case butt joints, the welding plates’ edges, 
using an axial load. Subsequently, the tool moves along the butting surfaces of the two welding 
plates that are firmly clamped and sited on a backing anvil [303]. The heat required for softening 
the weld material is generated by the friction at the pin (sometimes referred to as the probe) and 
shoulder/workpiece interfaces. The heat generated at the contact between the shoulder and the 
welding plates comprises more than 80% of the total process heat. In contrast, the pin is 
responsible for mixing/stirring the weld material to fabricate the weld [305]. The FSW process 
can be subdivided into four steps [303], see Fig. 1.15; 
1. The ''plunge'' action which involves the insertion of the rotating tool by the force supplied 
by the welding machine. 
 
2. The ''dwell'' action is when the pin is completely inserted into the welding plates, and thus 
the shoulder is in contact with the butting surfaces. At this phase, the rotating and inserted 
tool is kept stationary for some time (a matter of seconds or 5-10 s for Al alloys) for heating 
up, and, subsequently, softening the welding plates under the tool. 
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3. The ''welding'' stage is when the tool starts to travel along the edges of the welding plates 
 
4. The ''extraction'' stage is when the tool leaves the weld. At this stage, the pin leaves an exit 
hole (a keyhole) that is cut from the weldments.    
 
Fig. 1.15. The four phases of FSW processing, AS is advancing side and RS is the retreating side of the 
workpiece. Reproduced based on [310]. 
FSW is the greenest welding technology owing to its exceptional energy efficiency, 
environmental friendliness, and flexibility. It consumes much less energy than fusion welding, 
e.g., only 2.5% of the energy needed for laser welding [303, 306, 307]. The elimination of the 
solvents required for degreasing, shielding gases and consumable materials, which are essential 
parts of fusion welding, add to the environmental benefits of FSW. Additionally, FSW offers a 
limited number of processing parameters. In a fusion weld, several welding factors such as 
voltage and amperage, filler feed, shield gas, purge gas, and travel speed must be 
simultaneously controlled and optimized in order to produce a sound weld [308, 309]. In FSW; 
however, there are only two major process parameters to be controlled and optimized, i.e., the 
rotational speed of the tool (ω, revolutions per minute) and the travel speed of the tool (v, 
mm/min). Typical rotational and travel speeds for performing FSW on Al alloys are v ≤ 100 
mm/min and ω ≤ 1800 rpm [309]. One unique aspect of our FSW research is the much faster 
welding speed employed (See Paper XIII). 
In contrast to the simple basic concept of FSW, there are numerous complex metallurgical 
aspects (see below) that affect different regions of an FSW sample [308]. FSW samples exhibit 
four visually distinct microstructural zones [303, 308, 309]; 
1. Unaffected material or base material (BM) The region that is not affected by the FSW.  
 
2. Heat-affected zone (HAZ) The area that is affected by the process-induced heat and thus the 
effect of thermal excursion is present in this region.  
 
3. Thermo-mechanical affected zone (TMAZ) This area undergoes severe plastic deformation and 
process-induced shear as well as dynamic recovery (to some extent). The region does not 
undergo complete dynamic recrystallization. This zone also experiences significant texture 
change, which affects its properties.  
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4. Stir zone (SZ) This region, also referred to as a ''nugget'', is located in the weld center-line, 
undergoes a significant degree of plastic deformation and also experiences the maximum 
temperature. This region often experiences a complete dynamic/static recovery and 
recrystallization through: discontinuous dynamic recrystallization (DDRX), or continuous 
dynamic recrystallization (CDRX), or geometric dynamic recrystallization (GDRX), or 
combination of these. In addition, SZ expriences a texture change.  
In the case of precipitation-hardening Al alloys, e.g., 6xxx series, all the zones, except the BM, 
can experience a change in the state of precipitates as the SZ’s temperature rises to 400-550ºC 
[311-315]. Sato et al. [312] have reported that the metastable precursors of the equilibrium β 
(Mg2Si) phases appear with the lowest fraction and number density in the HAZ. Thus, the HAZ 
exhibits the minimum hardness in FSW Al-Mg-Si alloys. Lee et al. [313] have investigated the 
microstructural evolution of FSW AA6005-T6 and reported similar observations. They 
concluded that dissolution and coarsening of the strengthening precipitates take place in the SZ 
and in the HAZ, respectively, during FSW of this class of Al alloys.  
The physical and mechanical properties of the two sides of the SZ in an FSW specimen, i.e., 
the advancing side (AS) and the retreating side (RS), can be different [306-308]. To understand 
the AS and RS, it is necessary to know the tool rotation and travel direction. In Fig. 1.15, in 
which the tool rotates in the clockwise direction and travels into the page (or from left to right), 
the AS is on the left-hand side of the welding plates where the tool rotation direction is the same 
as the tool travel direction and opposite the direction of material flow. Thus, the right-hand side, 
where the tool rotation is opposite the tool travel motion and parallel to the direction of material 
flow, is defined as RS. The dissimilarities in the motion of tool in the AS and RS of the SZ 
result in an asymmetry in the materials flow and the heat transfer on the two sides of the joint. 
This asymmetrical aspect of FSW joints can give rise to minor but consistent differences in the 
microstructure, mechanical and corrosion properties of the two sides of the SZ.     
The bobbin tool concept Lately, there have been significant advancements in FSW tool material 
and tool design, and, accordingly, the application of FSW has expanded greatly. FSW is now 
performed on thin as well as on thick sections (up to 50 mm thick plates) and from low-melting 
temperature materials, e.g., Al and Mg alloys to refractory materials like Ni-base super alloys 
[316-319]. While tool material is of great importance for welding high-melting temperature 
materials like steels and Ni-base alloys, tool design is more important for the welding of plates 
with thick sections made of Al alloys [320, 321]. Currently, three main types of FSW tools are 
used for Al alloys; fixed, adjustable and bobbin (sometimes referred as self-reacting FSW) 
tools. Bobbin FSW (BFSW), which is a new variant of FSW technology, was also initially 
patented by TWI [232]. The name ''bobbin'' refers to the shape of the tool, consisting; upper 
shoulder, bottom shoulder and a pin that connects the shoulders and is inserted into the 
workpiece, see Fig. 1.16. BFSW eliminates the need for a backing anvil, consequently 
eliminating the defects that are sometimes associated with fixed pin tools like incomplete root 
penetration. The configuration of BFSW that leads to the ease of fixturing also expands the 
FSW applications towards welding of workpieces with complex geometries, such as extruded 
profiles. Furthermore, it fabricates welds with much lower distortion than conventional FSW 
owing to its balanced heat input [230-232]. 
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To date, BFSW technology has been successfully employed for welding of various classes of 
Al alloys with thick (8-25 mm) and thin (4-8 mm) sections [324-329], Mg alloys [340], and 
also steels [341]. Although the BFSW technology has proven to be a promising joining 
technique for Al and Mg alloys and even steels, there remain substantial knowledge gaps that 
prevent effective adaption of BFSW in economically important applications. This is partially 
due to the fact the BFSW has been studied to a much lesser extent than FSW, even for Al alloys.  
 
Fig. 1.16. A schematic illustration of a bobbin tool. Reproduced based on [332]. 
Currently, only a few companies, that are willing to assume the risk and pay the higher premium 
for new technologies, like Airbus and Boeing and National Aeronautics and Space 
Administration (NASA), are using BFSW technology for large-scale production [322]. Thus, 
understanding the capabilities of BFSW technology and the corrosion properties (and, to a 
lesser extent the mechanical properties) of the AA 6xxx weldments produced using BFSW 
technology are one of the aims of this part of our research.  
1.5.5. Dissimilar FSW of Al and Mg  
All metals exhibit specific properties, e.g., the damping capacity of Mg and the creep resistance 
and corrosion resistance of Al. Multi-material design has some vital objectives; to achieve 
desirable savings in weight along with enhancing product design flexibility, and, in this manner, 
create the potential for different materials to be utilized in an efficient and functional way based 
on the specific properties of each material. With the increased use of Mg alloys, it is rational to 
assume that there will be a demand for dissimilar Al/Mg joints. The joining of Mg alloys to Al 
alloys will be an essential step toward expanding the application of Mg alloys in the 
transportation industries [332-336].  
To date, an effective utilization of Al/Mg joints has been obstructed mainly due to the formation 
of intermetallic compound layers (IMCs), composed of two sub-layers, β Al12Mg17 (on the Mg 
side) and γ Al3Mg2 (on the Al side), in the joints (Fig. 1.17) [332, 333, 336]. The IMCs 
deteriorate the performance of dissimilar welds. Conventional fusion welding processes give 
rise to abundant IMCs.  
During the last decade, interest has grown rapidly in employing solid state welding methods, 
e.g., ultrasonic spot welding (USW), friction stir spot welding (FSSW), and FSW, to join 
dissimilar metals. Studies have shown that these joining methods result in limited volume 
fraction of IMCs in dissimilar joints [333-337].  
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Fig. 1.17. The IMC layers formed during; (a) USW Mg/Al (b) FSW AZ31/6061 joints, and (c) A TEM 
micrograph showing the formation of a sub-micron sized IMC layer during FSW of AZ31/AA5083.   
 
Few studies are currently available regarding Al/Mg joints, and, thus, the formation of IMCs is 
poorly understood. In this context the following studies should be cited. Robson et al. [337] and 
Panteli et al. [338] studied the IMCs formed during the USW of Al/Mg joints (Fig. 1.17 (a)). 
Robson et al. [338] attempted to predict the formation of IMCs during the dissimilar USW of 
Al and Mg alloy. They developed a model accounting microbond formation during welding, 
diffusion across the joint line, as well as nucleation, spreading and thickening of IMC layers. 
Firouzdor et al. [339] used FSW to weld AA6061 to an Mg alloy AZ31 (see Fig. 1.17 (b)). They 
investigated the effect of the welding conditions, including the positions of Al and Mg with 
respect to the welding tool, tool travel speed, and tool rotation speed on weld strength. 
Yamamoto et al. [340] studied the IMCs (with thicknesses < 1 μm) formed in the SZs using 
TEM (see Fig. 1.17 (a)). They also reported the optimum FSW parameters for dissimilar Al/Mg 
joints as well as the effect of IMCs on the tensile strength of joints. Based on the above literature 
survey (Fig. 1.17), the following considerations are relevant and useful for this part of the 
research (Chapter 3: Section 3.3.5). Firstly, IMC layers are much more diffuse in FSW as 
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compared to USW, the IMCs being fragmented into fine particles. These particles are 
redistributed by the severe deformation that occurs near the tool in FSW welds. Accordingly, 
the macro-scale ordered IMC layers observed in USW joints (Fig. 1.17 (a) are less pronounced 
in the FSW joints. Secondly, γ Al3Mg2 forms much faster and has a much higher area fraction 
than β Al12Mg17 in Al/Mg joints (see especially Fig. 1.17 (b)).  
In this thesis, a mathematical model, almost similar to the one proposed by Robson et al. [337] 
for USW, was designed and used for the first time to help predicting the effect of cooling rate 
on IMC formation during FSW of dissimilar joints; AA6005-T6/AM50. The corrosion and 
mechanical properties of the dissimilar Al/Mg joints were also studied. Note that this is the first 
attempt to predict the formation of the IMC layers in Al/Mg alloys joints during FSW. 
 
1.5.6. Corrosion of Al alloys weldments (FSW) 
Knowledge of the corrosion behavior of FS welds is necessary for engineers who intend to 
employ FSW technology. Above, the importance of microstructure (intermetallic particles) on 
the corrosion properties of Al alloys was briefly discussed. FSW/P is a generic joining tool that 
induces significant microstructural changes in metallic materials. Thus, the four different 
regions, i.e., BM, HAZ, TMAZ, and SZ, in FSW weldments that have distinctive 
microstructures, are also expected to exhibit different corrosion properties. This has been 
examined by several workers using, e.g., immersion tests, polarization techniques, agar gel 
exposure, and the droplet cell method [341-355], also Paglia and Buchheit [356-358]. Table 
1.13 summarizes several studies of the corrosion behavior of Al weldments produced by FSW.  
    Table 1.13. Investigations of the concerning the corrosion behavior of FS welded Al alloys.   
Base material Solution Reference  
5454 (-O and -H34) 0.1 and 0.5 M NaCl Frankel et al. [341] 
5083-T3 EXCO*  Dudzik et al. [342] 
5456-H116 0.1 M NaCl Fonda et al. [343] 
   
6061-T6 0.6 M NaCl Gharavi et al. [344] 
6061-T6 3.5 wt.% NaCl Fahimpour et al. [345] 
   
2024-T4 0.6 M NaCl Corral et al. [346] 
2024-T3 0.9 M NaCl + 0.09 M H2O2 Bousquet et al. [347] 
2195-T87 3.5 wt.% NaCl Meletis et al. [348] 
2024-T351 0.1 M NaCl Kalita [349] 
2024-T3 3.5 wt.% NaCl Biallas et al. [350] 
2024–T351 0.9 M NaCl + 0.09 M H2O2 Jariyaboon et al. [351] 
   
7108-T79 4.0 M NaCl + 0.5 M KNO3 + 0.1 M HNO3 Wadeson et al. [352] 
7075-T6 3.5 wt.% NaCl Lim et al. [353] 
7050-T7651 Modified EXCO Bertoncello et al. [354] 
7075-T651 0.9 M NaCl + 0.09 M H2O2 Lumsden et al. [355] 
7075-T6 3.5 wt.% NaCl Paglia et al. [356] 
7075-T651 0.9 M NaCl + 0.09 M H2O2 and 3.5 wt.% NaCl Paglia et al. [357] 
       * A corrosive solution containing 4.0 M NaCl + 0.5 M KNO3 + 0.1 M HNO3. 
Frankel et al. [341] were the first to analyze the corrosion behavior of an FSW Al alloy. They 
investigated pitting corrosion and the SCC of FS welded, GTA welded and un-welded 
specimens of Al 5454-O and 5454-H34 in NaCl (aq). Their findings showed that while 
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corrosion pits form in the HAZ in the FS welded sample, they initially develop in the coarse 
dendritic regions just inside the fusion zone (FZ) in the case of GTAW samples. They also 
reported that; (a) the FSW specimens show superior resistance to pitting corrosion compared 
to the base metal and arc-welded samples, and (b) FSW specimens exhibit higher resistance to 
SCC than GTW ones. Lately, Fahimpour et al. [345] compared the corrosion behaviour of 
AA6061-T6 welded using FSW and GTAW in 3.5 wt.% NaCl (aq). They found that the 
corrosion resistance of the FSW specimens was better than that of the GTAW ones. For the Cu-
containing alloys (2xxx and 7xxx) alloys, the HAZ has been reported to show the highest 
susceptibility to IGC, for more details see Paglia and Buchheit [359].  
Based on the above survey, the following general conclusions can be made; (a) when optimized 
process parameters are employed, FSW weldments with better corrosion resistance than 
conventional fusion weldments, (b) while the corrosion behaviour of 2xxx, 7xxx and 5xxx 
alloys FS welds have been reported, less is known regarding the corrosion behaviour of 6xxx 
series FS weldments (Table 1.13), and (c) the atmospheric corrosion behaviour of Al alloy 
weldments has not been investigated.  
Given the fact that microstructure (intermetallic particle characteristics) is of great importance 
for the corrosion behaviour of Al alloys in general, and Al-Mg-Si alloys in particular, it is 
necessary to understand the FSW process-induced microstructural changes in the 6xxx family 
of alloys. As a rule of thumb, the microstructures of Al alloys are sensitive to variations in 
temperature and/or thermo-mechanical deformation. It has been reported that, in Al alloys, the 
SZ experiences temperatures in the range 450-570ºC. Such high temperatures have profound 
implications for the microstructure of Al-Mg-Si alloys. Using differential scanning calorimetry 
(DSC), Gallais et al. [360] achieved temperature ranges of precipitation and dissolution events 
in an AA6056-T4: 
 GP zone dissolution: ~ 150°C 
 β″ precipitation: ~ 240°C 
 β′ precipitation: 250-320°C 
 Q precipitation: 290-350°C 
 β precipitation: ~ 450°C 
 Q dissolution: 400-500°C  
 β dissolution: ~ 550°C 
 
Thus, strengthening particles (Mg2Si) are dissolved in the SZ. In line with the findings reported 
by Gallais et al. [360], Lee et al. [313] studied the microstructural evolution of FSW AA6005-
T6 and reported the dissolution and coarsening of the strengthening precipitates in the SZ and 
in the HAZ, respectively, during FSW. It should be noted that although the Mg-Si particles are 
dissolved in the SZ, large Fe-rich intermetallic particles are not dissolved but are fragmented 
and form smaller particles with much higher number densities [303, 305-307,313].  
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1.6.  Scope of the thesis 
1.6.1. Mg-Al alloys – casting, microstructure and corrosion  
The aim of this part of thesis is to provide new insights into the corrosion properties of Mg-Al 
alloys produced using different casting technologies. Thus, the effects of various environmental 
parameters on the atmospheric corrosion were investigated. A significant attempt is made to 
shed more light on the role of solidification microstructure on the atmospheric corrosion of Mg-
Al alloys by scrutinizing the microstructure the atmospheric corrosion properties of the alloys 
produced using the newly developed RC and the conventional HPDC techniques. The effects 
of environmental parameters and microstructure are studied by means of stringently controlled 
laboratory exposures. The materials investigated are commercially pure Mg as well as several 
Mg alloys, such as AM20, AZ31, AM50, and AZ91. However, the primary focus is on the two 
technologically important Mg alloys AM50 and AZ91D.  
This work was part of the project ''Rheocast Mg alloys for weight reduction in vehicles'' 
sponsored by the Swedish Foundation for Strategic Research (SSF). The main goal of the SSF 
project was to develop a technique for producing Mg –Al alloys using the new casting method 
to enhance the properties and decrease the porosity (heat-treatable castings), see the flow chart 
presented in Fig. 1.18. The project was carried out in close collaboration with the Department 
of Materials & Manufacturing Technology - Casting at Jönköping University.  
 
 
Fig. 1.18. The frame work of the SSF project and the focus of the papers presented in this doctoral thesis. 
 
1.6.2. Mg alloys-based MMCs – casting, microstructure and corrosion 
This part of the thesis is closely linked to the first part and was also part of the SSF project. The 
RC technique, which is successfully used for producing Mg-Al alloys with a much lower 
volume fraction of casting defects and with better corrosion properties than those produced 
using the HPDC technique, is employed for producing Mg-based MMCs.  As mentioned earlier, 
although numerous studies have been performed regarding the mechanical properties of Mg-
based MMCs, investigations of the atmospheric corrosion behavior of Mg alloys-based MMCs 
are rare. The aim of this part of the thesis is twofold; 
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1. To understand the potential of the RC method for producing Mg-based MMCs containing 
micron- and nano-sized SiC particles. The intention is to characterize the MMCs’ 
microstructure, in terms of SiC particle distribution and the fraction of casting defects, of the 
alloys AM50 and AZ91D-based MMCs, also, to document the optimum casting parameters.  
2. To understand the atmospheric corrosion behavior of these materials. This is of technological 
importance considering that the potential uses of Mg-based MMCs are in the automotive 
industry. For this reason, the corrosion behavior of an Mg-based MMCs produced using 
different types of casting parameters is analyzed and the results are compared with those 
obtained from monolithic counterparts.  
1.6.3. Al-Mg-Si alloys – FSW/Microstructure and corrosion  
As mentioned earlier, little research has been devoted to the corrosion behaviour of welded 
6xxx Al alloys and no research has been directed towards their atmospheric corrosion 
behaviour, in spite of the fact that extruded products are widely used in the automotive industry. 
In addition, there remain unanswered questions about the capability of BFSW technology for 
welding thick extruded 6xxx series Al alloys. Additionally, the literature on the corrosion 
behavior of FSW, and its variant, BFSW 6xxx Al alloys is scarce. Thus, there are uncertainties 
concerning the implementation of BFSW technology in large-scale production. Hence, the aim 
of this part of the thesis is to characterize the NaCl-induced atmospheric corrosion behaviour 
of BFSW Al-Mg-Si samples and to compare the results with those of welds produced using the 
conventional FSW. This part of thesis was performed in collaboration with the Sapa 
Technology, Sweden.   
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   CHAPTER 2 Materials and Methods 
All life is an experiment. The more experiments you make the better. 
Ralph Waldo Emerson (1803 –1882), an American essayist, lecturer, and poet. 
 
  
 
2.1. Materials 
Mg and Mg alloys Commercially pure Mg and several Mg alloys including HPDC AM20, 
HPDC AZ31, AM50 (in the RC and HPDC states), HPDC AM60 and AZ91D (in the RC and 
HPDC states) were used in this project. Pure Mg was used as the reference material. The test 
materials were produced using the HPDC technique were mainly supplied by three companies 
producing commercial Mg alloys, namely Finnveden Metal Structures AB (Sweden), 
Husqvarna Group (Sweden), and Magnesium Elektron (UK). MgO single crystals, supplied by 
the commercial thin film manufacturer SPI, were also used in few cases. The chemical 
composition of these materials was determined using X-ray fluorescence (XRF) spectroscopy 
and optical mass spectroscopy (see Table 2.1).  
Table 2.1. Chemical composition of the test materials (% by weight). Note: Alloys AM50 and AZ91D were 
in both RC and HPDC states. The impurity levels of pure Mg and the alloys were well-below the tolerance 
limit. (For the tolerance limits of impurities see above (Section: 1.3.3 and [107]). 
Material Mg Al Zn Mn Si Fe Cu Ni 
Pure Mg Bal. 0.003 0.005 0.0023 0.003 0.0018 0.0003 0.0002 
HPDC AM20 Bal. 2.1 0.04 0.4 0.01 0.0017 0.0016 0.0005 
HPDC AZ31 Bal. 3.0 0.01 0.25 0.01 0.0016 0.0010 0.0007 
         
RC AM50 Bal. 5.1 0.01 0.24 0.01 0.0001 0.0019 0.0004 
HPDC AM50 Bal. 5.0 0.01 0.26 0.01 0.0012 0.0013 0.0007 
         
HPDC AM60 Bal. 6.0 0.01 0.25 0.01 0.0016 0.0010 0.0007 
         
RC AZ91D Bal. 8.9 0.74 0.21 0.008 0.0022 0.0007 0.0004 
HPDC AZ91D Bal. 9.0 0.77 0.22 0.005 0.0015 0.0003 0.0002 
Experimental details of the RC technique The RC alloys were produced using a vertical casting 
machine with a locking force of 50 tons, capable of casting parts with a maximum projected 
area of 250 cm2 (Fig. 2.1). In the RC process, the melt superheat was 50 ± 5C, the die 
temperature was maintained at 100-200ºC and the slurry temperature was 621C. The gate 
velocity during cavity filling was about 4.6 m/s with a cycle time of 60 s for each casting. The 
RheoMetal process, which was developed to overcome problems in RC processing concerning 
slow slurry preparation and difficulties in controlling slurry temperature [102, 103], was also 
used in this research. In the RheoMetal process, cooling was done using an enthalpy exchange 
material (EEM) attached to a stirrer. In this way the melt was internally cooled, eliminating the 
need for controlling external heat flow, and creating a robust process in which large amounts 
of high quality slurry could be produced in a short time. The slurry was cast in a specially 
designed squeeze casting machine that featured a vertical shot sleeve where the degree of filling 
was 100 %, thus reducing heat losses before the slurry was injected into the casting tool. The 
parameters of the RC process for producing Mg alloys are provided in Papers II and III.  
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Fig. 2.1. A cast alloy produced using the RC method with thicknesses of 7, 12 and 20 mm. 
 
Mg alloys-based composites SiC particles were received from SuperiorGraphite (USA). Mg 
alloys AM50 and AZ91D were reinforced with two different SiC particles sizes by means of 
the RC technique. SiC particulates with a volume fraction of 10% were added into the alloys’ 
slurry at two different fractions of solid (fs) in the slurry at two distinct experiments; 
 In the first experiment, Mg alloy AM50 and AZ91D were reinforced with SiC particles in the size 
range 0.1-1.9 µm (with the commercial name HCS 59N, SuperiorGraphite) using an fs of 60%.  
 
 In the second experiment, AZ91D was reinforced with larger SiC particles in the size range 4-28 
µm (with the commercial name HCS 400, SuperiorGraphite) at two fs values of 40 and 60%.  
The chemical composition of the SiC particles is listed Table 2.2. The larger SiC particles were 
oxidized prior to the castings at 1000ºC for 45 min. Protection of the slurries was carried out 
using a gas composed of nitrogen (N2) and sulfur hexafluoride (SF6). The mixing time was 15 
seconds and was performed using a rotational speed of 500-800 rpm.  
Table 2.2. Typical impurity content of the SiC particle types used in this study. 
 
Elements HCS 59N HCS 400 
Iron 600 500 
Calcium 250 50 
Titanium 130 - 
Molybdenum <10 50 
Manganese 25 - 
Copper <10 - 
Sulfur 150 150 
Aluminum 300 150 
Zirconium <50 4 
Vanadium 600 - 
Nickel 15 - 
Chromium 35 - 
Cobalt 10 - 
Boron 0.42 0.42 
The chemical composition of the host alloys was the same as the RC AM50 and RC AZ91D 
(Table 2.1). The MMCs were produced using the same casting machine as the one employed 
for fabricating the monolithic RC alloys. Similar mechanical grinding and polishing procedures 
as used for the Mg alloys (explained above) were employed for the MMCs. More details 
concerning the casting parameters of the Mg-based MMCs are provided in Papers XI and XII.  
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Al-Mg-Si alloy The alloy used was a 10 mm thick extruded and a 7 mm thick extruded 6005-
T6 AA profiles. The alloy was received from Sapa Technology (Sweden). The chemical 
composition of the alloy was tested using optical mass spectroscopy, see Table 2.3. The 
extrusion procedure consisted of hot rolling followed by quenching in water after a solution 
treatment followed by artificial aging. The extruded and heat-treated material was machined 
into sheets with a dimension of 300 × 250 mm2 for the FSW, FSP and BFSW. 
  Table 2.3. Composition of the tested Al alloy (% by weight). 
Material Al Si Mn Cu Fe Cr Ti 
6005-T6 Bal. 0.55 0.45 0.25 0.19 0.13 0.08 
Sample Preparation The Mg-Al alloys, the welded/processed and extruded Al profiles were 
machined to achieve 14×14×3 mm3 test coupons with an exposed surface area of about 5.56 
cm2. A small hole with a diameter of 0.3 mm was drilled in each corrosion coupon enabling the 
coupons to be suspended in the corrosion chambers by a string. Prior to the corrosion exposures 
and microstructural examinations, samples were ground using successive grades of silicon 
carbide abrasive papers (SiC grit papers) from P1000 to P4000 mesh and lubricated with de-
ionized water. Polishing was performed using cloth discs and diamond paste, followed by a fine 
polishing step with OPS colloidal silica for 120 s on a Buehler Microcloth. After this, the 
specimens were cleaned using distilled water and degreased with acetone, washed again with 
distilled water, and dried in cool air with a blower and stored in a desiccator over a desiccant 
for 24 hours before the exposures. NaCl was deposited by salt spraying on the surface of test 
coupons using a saturated solution of NaCl containing 20 ml distilled water and 80 ml ethanol 
prior to the exposures. Thus, the samples were contaminated with different levels of salt, such 
as 14, 70 and 140 µg/cm2. To evenly distribute salt crystals on the metal surface, care was taken 
to avoid the formation of droplets during spraying, see Fig. 2.2. Duplicate and triplicate samples 
were exposed for each condition. Most of the experiments were repeated several times to check 
for consistency. In total, 1245 specimens including Mg and Mg alloys, MMC and Al alloys 
were prepared, exposed and analyzed in this project. 
 
Fig. 2.2. An SEM image showing even distribution of NaCl particles on the surface of a specimen. 
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2.2. Atmospheric corrosion exposures 
Several types of atmospheric corrosion exposures were used for exposing Mg, Mg alloys, 
MMCs, and AA6005-T6. These carefully controlled exposures were used mainly in order to 
study the effect of individual atmospheric parameters, and, in some cases, the synergic effect 
of atmospheric variables on the corrosion behavior of the alloys tested.   
2.2.1. Corrosion exposures at constant temperature and RH 
Exposures at temperature above 0ºC The exposure apparatus used was made fully of glass and 
Teflon. It should be added here that these chambers were initially designed and developed by 
the author’s advisor, Professor Lars-Gunnar Johansson (Chalmers University of Technology). 
Figure 2.3 illustrates the experimental set-up used for performing atmospheric corrosion tests 
at temperatures > 0ºC. The specimens were suspended by a nylon string in individual exposure 
chambers. Only one sample was exposed in each chamber to avoid any possible interactions, 
which could lead to changes in the corrosion mechanism. The gases (water vapor + CO2) were 
sequentially circulated into the corrosion chambers in such a way that each coupon was exposed 
to the flow gas for 15 s. The gas flow was ~ 1000 mL/min, corresponding to an average flow 
velocity of 1 mm/s.  
 
Fig. 2.3. Schematic of the corrosion experiment at 4 and 22ºC: (1) CO2 source, (2) flow meter, (3) 
insulation, (4) mixing chamber, (5) stirrer, (6) solenoid valves, (7) wash bottles, (8) samples, (9) chambers, 
(10) humidifier, (11) water, (12) needle valves, and (13) manometer valve. Drawn by the author. 
RH was regulated to be at 95 ± 0.3% by mixing measured amounts of dry air and air saturated 
with water vapor at the exposure temperature. CO2 was added from a cylinder to give a constant 
concentration of 400 ± 20 ppm, close to the ambient levels of CO2 in the outdoor environment. 
The temperature of the laboratory was kept at 25ºC. The humidifier was placed inside the water 
tank to eliminate any chance of condensation and to enhance the accuracy of the experiments. 
The corrosion exposures were performed for 1-3200 h. More details regarding the corrosion 
reactor presented in Fig. 2.3 can be found in Papers II, III and VI. 
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Exposures at sub-zero temperatures In order to examine the effect of temperature on the 
atmospheric corrosion behavior of Mg alloys, a new corrosion system was designed and 
developed to perform corrosion experiments at sub-zero temperatures for the first time in the 
world, as illustrated in Fig. 2.4. Thus, atmospheric corrosion experiments could be performed 
at three different temperatures, 22 ± 0.3, 4 ± 0.3 and -4 ± 0.3°C, at a constant RH value of 95 ± 
0.3%. In this new corrosion reactor, ethylene glycol was used as the coolant. Two humidifiers, 
in series, were used to obtain dew points of < 0oC, see Papers V and VI. 
 
Fig. 2.4. The sub-zero corrosion experiment: (1) CO2 source, (2) flow meter, (3) dip cooler, (4) mixing 
chamber, (5) insulation, (6) stirrer, (7) solenoid valves, (8) wash bottles, (9) coupons, (10) chambers, (11) 
temperature regulator, (12 and 13) humidifiers producing 100% RH air at < 0oC, (14) water + 44% 
ethylene glycol, (15) needle valves, (16) manometer valve, and (17) dry purified air. Drawn by the author. 
Exposures in the absence of carbon dioxide To examine the effect of CO2 on the corrosion of 
alloys, an exposure set-up was designed using a hermetically sealed desiccator with a volume 
of 3dm3 (Fig. 2.5). The temperature could be regulated by regulating the temperature of the 
water inside the tank. 95% RH was achieved by equilibrating the air with 500 mL Potassium 
Hydroxide solution (KOH (aq)) that was poured into a glass beaker and placed inside the 
desiccator. The water vapor partial pressure over KOH (aq) was calculated [343];   
log pw (KOH) = - 0.01m – 0.001m2 + 2.258 × 10-5m3 + (1-0.001m + 5.602 × 10-4m2 
– 7.822 × 10-6m3) × (35.446 – 3343.93/T – 10.9 log T+ 0.01 T) (bar)    
Equation (2.1) 
where Pw is the equilibrium partial pressure of water vapor over the aqueous solution, m is the 
molality and T is the experiment temperature. In addition to regulating the RH to the desired 
value, i.e., 95% RH, the KOH (aq) solution also functioned as a CO2 absorbent. 
  
Fig. 2.5. The chamber in the absence of CO2: (1) insulation, (2) stirrer, (3) hermetically closed desiccators, 
(4) potassium hydroxide (KOH (aq)), (5) water, and (6) temperature regulator. Drawn by the author. 
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2.2.2. Corrosion exposure in cyclic environments  
Cyclic corrosion testing (CCT) has developed in recent years, mainly within the automotive 
industry, as a standard test method for accelerating real-world corrosion failures under 
laboratory-controlled conditions (Fig. 2.6). Various tests comprising different climates are 
being used by automakers. These tests are mainly cycled automatically. In these experiments, 
specimens experience the same sort of changing environment as they would encounter in 
outdoor environments.  
The salt spray test is among of the most common and long established corrosion tests. The 
objective of the test is to evaluate the corrosion resistance of metallic materials in environments 
where there is a significant influence of chloride ions, mainly as sodium chloride, from a marine 
source or from winter road de-icing salts. ASTM B117 was the first internationally introduced 
salt spray standard, originally published in 1939 [364]. There are other commonly used 
standards of CCT, e.g., ISO9227, JIS Z 2371 and ASTM G85 [365, 366]. In this project, the 
cyclic exposure (see Paper IV) was performed in close collaboration with Dr. Mats Ström (at 
Volvo Cars, Sweden), a well-known CCT expert in the automotive industries. The experiments 
were performed according to accelerated corrosion test (ACT) standards, with the commercial 
name of ACT II (Fig. 2.7 (a)). This standard is frequently used by world-leading automotive 
manufacturers, e.g., Volvo Cars and Ford, for analyzing the corrosion behavior of painted Al 
alloy and galvanized steels [367]. The method was developed to deliver reasonable consistency 
between the results of CCT and the corrosion results observed under actual service conditions 
on the different components of vehicles. In this standard, the workday test procedure involves 
three main steps (Fig. 2.8);  
 A 6-h wet phase at room temperature with intermittent exposure to rain containing 0.5 % NaCl 
in the beginning, middle and at the end of the wet phase. 
 
 A 2.5-h transition phase with drying under climate control. 
   
 A 15.5-h phase with constant temperature and humidity (50°C, 70% RH).  
 
 
Fig. 2.6. A schematic showing a CCT chamber used in the automotive industry with the aim of realistically 
mimicking the atmospheric corrosion process occurring on metallic materials in the real world. Different 
parts of the chamber are explained in Fig. 2.7. Reproduced based on [368].  
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After repeating this procedure Mon-Fri, a 48-h weekend phase under continued constant climate 
control (50°C, 70 % RH) was added to the plan. The tests were conducted in a programmable 
humidity chamber, see Fig. 2.6. The chamber was equipped with an integrated rig for spraying 
salt solution of the required amount and accuracy, with cooling capacity and an internal 
circulation system for the conditioned air. The sensors reflected the climate conditions in the 
test plane. Forced cooling was performed when proceeding from 50°C, 70% RH controlled 
constant conditions to ''wet'' conditions at 25°C. Thus, the chamber experienced cooling from 
50 to 30°C within 30 min with the targeted 25°C met within 1 h. The maximum permitted short-
term fluctuations in RH overlaid on the calibrated mean value was ~ ± 3 % RH, which suggests 
a maximum allowed short-term temperature fluctuation of ~ ± 0.6°C. Figure 2.7 (b) illustrates 
the required RH value for the ACT II standard. 
 
Fig. 2.7. (a) Schematic view of a climate chamber ACT II; (1) chamber test space, (2) climatization unit, 
(3) test pieces, (4) temp./humidity sensor, (5) insulated walls/lids, (6) diffusors, (7) fresh air inlet/"bleed", 
(8) rain rig with nozzles, (9) gutter and (10) control/recording unit, (b) the accuracy requirement on 
humidity deviations from set value, showing the permitted absolute calibration error (2%) (Left-hand-side 
in Fig. 2.6 (b)) and the actual allowed mean value (3%) (Right-hand-side in Fig. 2.6 (b)). 
2.2.3. SO2-induced corrosion exposures (The effect of SO2, O3 and NO2)  
The two main experimental set-ups used to study the effect such gases on the corrosion behavior 
of pure Mg and some selective Mg alloys are illustrated in Fig. 2.9. The chamber was designed 
and developed by Professors Lars-Gunnar Johansson, Jan-Erik Svensson (Chalmers University 
of Technology). The four-week exposure was carried out to determine the corrosion rates using 
the apparatus displayed in Fig. 2.9 (a). Time-resolved trace gas analysis of the deposition 
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(TRAD), shown in Fig. 2.9 (b), was used to analyze the deposition rate of SO2, NO2 and O3 on 
Mg and Mg-Al alloys during the first 20 h of exposure. Similar to the apparatuses shown in 
Figs. 2.3 - 2.5, both exposure systems were made of glass and Teflon. The exposure gas was 
prepared from dried and purified air. Because the air purification system removes most of the 
CO2 in the air, a CO2 concentration of 350 ppm (close to the atmospheric concentration of CO2) 
was achieved by adding pure CO2 from a cylinder and monitoring the concentration. In this 
experiment, RH was regulated to be 50-100%. SO2 (g) and NO2 (g) were added to the dry air 
stream using permeation tubes designed and manufactured by some of  the authors of Paper 
VIII. The permeation rates of the SO2 tubes, which were invented by Professor Jan-Erik 
Svensson, corresponded to SO2 concentrations of 48, 96 and 501 ppb in the exposure gas. The 
permeation rate of the NO2 tube corresponded to a concentration of 200 ppb. Ozone was added 
to the dry, purified air flow by means of an ozone generator (UV radiation, λ < 230 nm) to form 
atomic oxygen which then reacts with dioxygen molecules to form O3 (g). The SO2 content in 
the gas leaving each chamber was determined by absorbing in 1% H2O2 (aq) solution and 
analysis as a sulfate using ion chromatography.  
 
Fig. 2.8. Climate program of the cyclic exposures; (a) Workday (i.e., Mon.-Fri.) test cycle and (b) Complete 
weekly program including weekends. Drawn by the author. 
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The TRAD system (Fig. 2.9 (b)) was used for the deposition of SO2, NO2 and O3 in ppb levels. 
The gas flow resulted in a net gas velocity of 2.7 cm/s (laminar flow conditions, Reynolds 
number (Re) = 50). The setup consisted of a single exposure chamber with continuous flow and 
real-time analysis of SO2, NOx and O3 in the output gas. SO2 was analyzed with a fluorescence 
instrument (Environnment AF21M), and the sensitivity was 1 ppb. The ozone concentration in 
the output gas was analyzed using an instrument based on UV photometry (Dasibi 1108).  
NO and NOx were analyzed with a chemiluminescence instrument (Environnment AC 30M). 
Before the start of each experiment, the interaction of the pollutant with the reactor had reached 
a steady state so that the output gas from the corrosion chamber had a constant composition. 
The mass-transfer-limited deposition of SO2 was measured using an ''ideal absorber'', i.e., a 
glass plate (30303 mm3) with a thin layer of NaOH (aq). The deposition rate (ng/cm2·s1) and 
the deposition velocity (cm/s1) on the samples were determined by measuring the difference 
between the input and output concentrations of the pollutants. The deposition velocity Vd was 
defined as the flux of an air pollutant to a surface, divided by the concentration in the gas: Vd = 
F/c where F is the flux to the surface (g/cm2s1) and c is the concentration of the pollutant in the 
gas (g/cm3) [39, 40]. More details concerning the exposures in the presence of SO2, O3 and NO2 
are provided in Paper VIII. 
 
Fig. 2.9. (a) Setup for SO2-containing exposures; (1) pure air inlet, (2) mass flow regulators, (3) humidifier, 
(4) NO2 and/or SO2 permeation tubes, (5) mixing point, (6) exposure chambers, (7) gas trap, (8) solenoid 
valves, (9) thermostated water tank, (10) CO2 or O3 inlet, and (11) carrier gas for NO2 and/or SO2. (b) The 
experimental setup of TRAD; (1) pure air inlet with pure CO2 (g) added from a cylinder, (2) mass flow 
regulators, (3) O3 generator (UV light λ < 230nm), (4) humidifier, (5) NO2 and/or SO2 permeation tubes, 
(6) exposure chambers, (7) real-time gas analysers for SO2, O3 and NOx-NO2, (8) air outlet, and (9) 
thermostated water tank. 
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2.3. Methods of analysis 
The microstructure and the corrosion behavior of the alloys were characterized using several 
analytical techniques, depending on the specific information of interest. The methods of 
analysis can be classified as destructive tests (DT) and non-destructive tests (NDT). The 
methods can also be classified as quantitative and qualitative methods. Normally, a combination 
of methods, including DT/NDT and qualitative/quantitative methods, is needed to evaluate and 
understand the properties of materials.  
2.3.1. Gravimetric measurement 
Monitoring of the corrosion process was performed by weighing the samples in such a way as 
to minimize disturbance of the corrosion process. The weight of samples was registered 
immediately after finishing corrosion exposures. Therefore, the water contained in the NaCl 
(aq) electrolyte mainly remained during weighing, and the corresponding mass gains are 
accordingly called wet mass gain. At the conclusion of an exposure, after measuring the wet 
mass, the samples were stored for 24 hours at room temperature over a desiccant so that the 
loosely bound water was removed. The specimens were then weighed again, and the 
corresponding mass gains are termed dry mass gain.  
The quantity of corrosion product was determined by leaching and pickling of the corroded 
specimens using an ultrasonic agitation bath at ambient temperature. The water-soluble 
corrosion products and unreacted NaCl (s) were first removed by leaching. To do this, samples 
were first immersed in Mili-Q water (ultrapure water) for 30 + 60 s at 25°C. Subsequently, the 
corroded samples made of Mg and Mg alloys were pickled several times in a solution of 20% 
chromium trioxide (CrO3) for 15 s followed by several periods of 30 s. Heavily corroded 
samples were pickled up to 20 times. In the case of corroded Al alloys, the leaching process 
was done by immersing the corroded samples in ultrapure water for several periods of 1, 2, 30 
and 45 min at 25ºC. Afterwards, pickling was performed by immersing the leached samples in 
a solution of 50 mL H3PO4 (85%) and 20 g CrO3 /dm
3 in 1000 ml water for 5 min, up to 45 
times for heavily corroded samples, at 80ºC. For both Mg and Al alloys, self-corrosion during 
the corrosion removal procedures was insignificant. Samples were then cleaned using pure 
water and acetone and finally dried using a stream of cold air after each step. The sample mass 
was registered after each leaching and pickling process to monitor the removal of the corrosion 
products. The metal loss was determined using weighing the samples before and after leaching 
and pickling. Quantitative data on corrosion product stoichiometry was obtained by calculating 
the corrosion product ratio according to Equations provided in Paper VI.  
2.3.2. Optical Microscopy (OM) and Stereomicroscopy 
Optical Microscope An Olympus BX50 optical microscope (Olympus Corporation, Japan) with 
×4 and ×20 magnifications was used for qualitative microstructural studies. A CoolSnap-Procf 
(Media Cybernetics, USA) color digital camera was attached to the microscope to record the 
OM micrographs. Bright and dark field OM micrographs were acquired to characterize the 
microstructure of RC and HPDC materials, see Paper III. In bright field imaging, the contrast 
is obtained by absorption, meaning that less transparent regains appear darker, while the 
contrast is achieved by the change in phase in dark field OM imaging [369].  
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Polarized light is another useful set-up of the OM. It is possible to distinguish between α-Mg 
grains with different crystallographic orientations using polarized light. Microstructural 
features such as size, shape of the grains and intermetallic phase particles can be analyzed; 
however, the crystallographic orientation of the individual grains cannot be directly determined 
[369]. In this research, OM investigations also included examination of the back-reflected light 
from well-prepared (and occasionally chemically etched) surfaces of the as-cast materials, see 
Fig. 4 in Paper I. 
Stereomicroscopy refers to a microscope equipped for stereoscopic viewing, i.e., a microscope 
with two eyepieces. Stereomicroscopes are mainly employed for three-dimensional (3D) 
imaging where the perception of depth and contrast is critical to the interpretation of specimen 
structure [286]. In this research, stereomicroscopy was used to inspect corroded samples. The 
soundness of the weldments cross sections were inspected using a Nikon SMZ-745T 
(SMZ745T) stereomicroscope after an initial examination by means of visual inspection, please 
see e.g., Paper XIII.  
2.3.3. Interference Microscopy (IM) 
The interference microscopy (IM) visualizes a sample surface with an adequate contrast. This 
method functions by taking light from a condenser and using a prism to separate the light into 
two beams. In this manner, one beam (the object beam) passes through the specimen and the 
objective and the other beam (the reference beam) passes through another objective without 
touching the specimen. These beams permit a specimen to be seen through the differences in 
the fields caused by the two beams and the differences of the two images allow details to be 
viewed in a relatively low magnification as compared to OM [287].  
In this research, the evaluation of the corrosion pits formed on Al alloys, and, in some cases, 
Mg alloys, was performed by means of an IM (RST plus) from WYKO using the vertical 
scanning-interferometry (VSI) mode. To do this, corrosion products formed on the alloys were 
first removed from the surfaces (using leaching and pickling procedures (Cr-treatment), as 
explained above). The IM had a measurement range of 0.5 mm and a resolution of about 10 
nm. In most of the experiments, a 10x objective (producing a 0.6 × 0.4 mm2 field of view) was 
used. The data were then converted for obtaining 3D surface topography measurements, which 
resulted in valuable qualitative and quantitative information regarding the pitting corrosion 
behavior of the alloys tested, see Papers III, IV, XIV and XV. 
2.3.4. Scanning Electron Microscopy (SEM) 
Electron microscopy, which is a powerful surface analysis technique, was widely used in this 
project to study the microstructure of the cast and processed materials, as well as to characterize 
the chemistry and morphology of the corroded specimens. The scanning electron microscope 
(SEM) has the ability to capture greatly magnified micrographs with a large depth of focus. In 
this technique, a beam of electrons is produced by an electron gun. The electron beam follows 
a vertical path through the microscope, which is in vacuum. The primary beam with 
considerable amounts of kinetic energy, travels through different parts of the microscope and 
then hits the surface of a sample and enters the surface atomic layers [370]. This phenomenon 
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results in the formation of elastic and inelastic collisions/events between electrons and atoms 
within the specimen. Elastic scattering alters the trajectory of the electron beam when enters 
the target without alteration in the kinetic energy of electrons. In this case, elastic scattering can 
be considered in terms of a "billiard-ball" model of small particles (electrons) hitting large 
particles (atoms) [371]. Useful information from the specimen can be gained by detecting a 
variety of signals that are ejected from the interaction (also termed as excitation) volume, see 
Fig. 2.10. As seen, scattered electrons and X-rays come from different penetration depths in the 
specimen’s surface, ranging from 1 to 3000 nm. 
The most frequent application of the SEM is imagining topography including shape, size and 
surface texture of the surface of a sample. Such images are acquired from low-energy secondary 
electrons (SEs) [370, 371], see the SE micrograph in Fig. 2.10. SEs are generated from a 
relatively small interaction volume, in the order of tens of nanometers, around the spot where 
the electrons hit the specimen.  
 
Fig. 2.10. Schematic illustration showing the interaction of electrons with a target that results in the 
formation of SE, BSE and X-rays. Drawn by the author. 
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Backscattered electrons (BSEs) are generated from larger volumes, in the order of several 
hundreds of nanometer. They have higher energies than SEs and result in compositional 
contrasts, and therefore some qualitative elemental information. The underlying mechanism for 
producing the BSE arises from differences in the chemical composition within a specimen 
under imaging. Thus, heavier atoms (the ones with greater atomic number, Z) have a higher 
probability of producing an elastic collision due to their greater cross-sectional area. 
Consequently, the number of BSEs reaching a BSE detector is proportional to the mean atomic 
number of the sample [371]. Thus, a "brighter" BSE intensity correlates with greater average Z 
in the sample, and "dark" areas have lower average Z. Thus, areas with a high average atomic 
number (Z) will appear bright in comparision with areas with a low Z [288]. SEM also provides 
the opportunity to determine the chemical composition of selected points on the specimen 
surface using energy dispersive X-ray spectroscopy (EDX or EDS). EDX allows for the 
indentification of particular elements and their relative proportions (in atomic % or weight %). 
As shown in Fig. 2.10, X-rays are emitted from deeper parts of the interaction volume as 
compared to SEs and BSEs. The method is considered as a fast, inexpensive, and basically non-
destructive analytical technique [370]. 
In this research, the microstructure and the morphology of the corrosion products formed on 
the specimens were examined using an FEI Quanta 200 environmental scanning electron 
microscope (ESEM, Section: 2.3.6) with a Schottky field emission gun (FEG) and a Leo Ultra 
55 FEG SEM. SEM was used to performed plan-view imaging and imaging on ion-milled cross 
sections (see below) using a wide range of acceleration voltages (5 to 20 kV). The instruments 
were equipped with Oxford Inca EDX detector systems. SEM/EDX was used for local chemical 
analysis and elemental mapping of the corroded metal surfaces and the milled cross sections. 
2.3.5. Electron Backscatter Diffraction (EBSD) 
Electron backscatter diffraction (EBSD) is an SEM-based microstructural-crystallographic 
characterization method. The EBSD provides useful information about crystal orientation, grain 
size, texture, recrystallized/deformed fractions, substructure analysis, strain analysis, grain 
boundary characterization, coincident site lattice, boundary distribution, and phase 
identification [372]. In EBSD, when the primary electrons hit a sample, they may be scattered 
by means of elastic and inelastic scattering events and produce diffusely scattered electrons 
emitted in many different directions (Fig. 2.11). In the final stage (as the last event), one Bragg 
scattering event must occur to gain crystallographic information from the sample [372, 373].  
In this research, EBSD was used to determine the size of grains in the as-cast microstructure of 
Mg alloys and in different regions of welded AA6005-T6. To do this, the LEO Ultra 55 FEG 
SEM equipped with an HKL Channel 5 EBSD system was used for performing orientation 
mapping. The SEM was operated at 20 kV during EBSD analysis with the sample tilted to 70º 
on the cross section of the specimens (Fig. 2.11). Elemental mapping was performed using 
different magnifications with step sizes ranging from 0.1 to 3 µm, depending on the area being 
studied. An extraordinarily vital step for performing a successful EBSD analysis is the sample 
preparation step [373]. 
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In the case of Mg-Al alloys and the Mg-based MMCs, samples were first mechanically polished, 
according to the above procedure, and then cold-stage argon-ion-beam milled using a Gatan 
PIPS instrument. A gun tilt of 12º was used together with settings of 4 kV and 0.8 mA and a 
milling time of 3 h. Two types of mapping were performed using a relatively high and lower 
magnifications and step sizes of 0.2 and 0.6 µm. In the case of the Al alloy, sample preparation 
was performed according to the following recipe. The sectioned samples were mounted in cold-
setting epoxy resin. The mounted cross sections were first ground on 500, 1200 and 4000 emery 
paper and subsequently polished using 6, 3 and 0.25 µm diamond paste (20 min polishing 
time/step) on a Buehler Microcloth, and, finally, they were electrochemically polished at -12ºC 
using an electrolyte of methanol + perchloric acid (80:20) at 11 V DC. 
 
Fig. 2.11. The principle of electron detection and experimental set-up in the EBSD. Drawn by the author. 
2.3.6. Environmental Scanning Electron Microscopy (ESEM) 
The Environmental Scanning Electron Microscope (ESEM) technology was introduced by a 
Greek-Australian physicist, Gerasimos Danilatos, in 1978 [374]. The ESEM provides almost 
the same sort of information as the SEM does, however, it offers several advantages over 
conventional SEMs. First, it is possible deal with difficult specimens, i.e., both wet and 
insulating ones, in an ESEM. The ESEM does this by enabling a gaseous environment, e.g., 
water vapor, to be present in the instrument chamber while retaining the rather high resolution 
of a conventional SEM. Moreover, ESEM investigations can be done with a variety of 
parameters; (a) temperatures in the range -30 - 1500ºC, (b) pressures up to 10 Torr or ~ 6700 
Pa, and (c) humidity up to 99% RH [375]. 
These capabilities offer an exceptional opportunity to view dynamic processes occurring on 
material surfaces ′′live′′. In spite of these noticeable benefits, it is only lately that the technique 
has started to make a considerable impact on a diverse field of materials, for instance, for 
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oxidation experiments on steels and ceramics at high temperatures. Viewing the initial stages 
of the interactions between surfaces and their surrounding environmental contaminations e.g., 
gaseous species and alkali salts is one of the practical applications of an ESEM in-situ 
experiment [375-378]. In a number of publications, Jonsson et al. [377, 378] have studied the 
initial oxidation of iron and a low-alloyed steel in the presence of small amounts of KCl (s) 
through ESEM in-situ exposures. They have reported that the in-situ results were in agreement 
with corresponding ex-situ exposures in terms of the composition, thickness and morphology 
of the oxide scale, see Fig. 2.12. Despite the limited research on the capabilities of ESEM in-
situ exposure for studying the oxidation behavior of ferrous metals at high temperatures, studies 
showing the effect of electron beam and lower exposure pressure (~2-4 Torr) on atmospheric 
corrosion at low temperatures are scarce.  
 
Fig. 2.12. SE SEM micrographs showing similar oxide scale characteristics on an oxidized pure iron 
exposed using (a) ESEM in-situ, and (b) ex-situ tube furnace. Adapted with permission from [377]. 
Figure 2.13 shows a simplified diagram of an ESEM. It uses a special gaseous secondary 
electron detector (GSED), while conventional SEMs are equipped with an Everhart-Thornley 
(ET) detector. The GSED functions in a non-vacuum/gaseous environment. The GSED works 
based on the principle of gas ionization. Therefore, by applying a positive potential to the 
GSED, the SEs emitted from the interaction volume that is created in the specimen are attracted 
to the detector. As the electrons accelerate into the detector field, they collide with gas 
molecules which are inserted to the ESEM chamber. These ionizations generate additional 
electrons, and thus amplifying the original secondary electron signal. The detector collects the 
SE signal and passes it directly to an electron amplifier. In nonconductive samples the positive 
ions generated in the gas ionization process are attracted to the surface and suppress charging 
artifacts [374].  
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In this thesis, the initial stages of NaCl-induced atmospheric corrosion of pure Mg was studied 
using an ESEM in-situ experiment in an ESEM (FEI Quanta 200 ESEM FEG). By decreasing 
the temperature of the ESEM chamber to a few degrees, water is condensed on the sample 
surface. As an example, the liquid/gas phase border is about 6 Torr at 4°C, thus, a higher 
pressure than 6 Torr will result in liquid condensation on the sample surface while using a lower 
pressure controls RH in the gas phase. Temperature and vapor pressure have to be controlled 
distinctly and cannot be linked automatically in the ESEM. The temperature of the sample in 
this research was set to 4°C and water vapor was introduced into the ESEM chamber. Plane-
view images were taken every 120 seconds during the in-situ experiment that lasted for 6 hours. 
In this manner, the initial stages of electrolyte formation and the atmospheric corrosion process 
were investigated. More details regarding the in-situ experiment are provided in Paper X.  
 
Fig. 2.13. (a) The different zones in the ESEM, and (b) a schematic showing the cascade amplification 
process, occurring in the ESEM chamber, where gas molecules are ionized by the electrons emitted from 
the specimen. Each ionizing collision results in a daughter electron, which, like the original electron, 
accelerates towards the positively charged detector. Drawn by the author. 
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2.3.7. Transmission Electron Microscopy (TEM) 
The Transmission Electron Microscopy (TEM) was introduced by a German physicist, Ernst 
Ruska, in 1931 [379]. A TEM produces high-resolution, black and white micrographs from the 
interaction that takes place between samples and energetic electrons. Therefore, the basics of 
the TEM is the same as the SEM; the interaction between the electrons and a specimen results 
in useful information regarding a material (Fig. 2.14). There are; however, some important 
differences between the SEM and TEM. First, a thin foil with the thickness range 50-200 nm is 
used for TEM investigations instead of bulky samples like the ones used in SEM analyses. 
Second, the electron gun in the TEM shoots electrons with much higher original kinetic energy, 
in the range 100 to 400 kV, than the SEM [379]. These electron are transmitted through the thin 
foil and are detected by different detectors, see Fig. 2.14. After the electrons have passed 
through the thin foil and been scattered, the information from the system is converted into a 
micrograph. The simplest way of performing this is by magnifying the diffraction pattern or 
image formed of the sample until it is of the necessary size for analysis. This is the foundation 
of traditional TEM. There are two main modes of TEM, namely the bright-field (BF) mode, 
where the direct (-transmitted) beam contributes to the formation of a micrograph, and the dark-
field (DF) imaging mode, where the direct beam is excluded [379, 380].  
Alternatively, if a focused and fine beam of electrons is scanned across the thin foil, the amount 
of scattering from each individual point is measured, and an image is constructed. This method, 
which needs no lenses after the foil, is termed scanning TEM (STEM). High resolution TEM 
(HRTEM), energy filtered TEM (EFTEM), EDX and convergent-beam electron diffraction 
(CBED) are other frequent operational modes of a TEM [294, 295]. High angle annular dark 
field STEM (HAADF-STEM) enables capturing Z-contrast imaging. Using a STEM detector 
with a large inner radius, a HAADF detector, electrons that are not Bragg scattered are 
collected. For this reason, HAADF micrographs exhibit little or no diffraction effects, and their 
intensity is extremely sensitive to Z [379, 380]. 
 
Fig. 2.14. The signals that derive from electron-thin foil interactions. Drawn by the author. 
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In this project, TEM/STEM investigations were used to study the microstructure of the MMCs 
and the Al alloy (see e.g., Paper XIV). An FEI Titan 80-300 TEM/STEM and an FEI Tecnai 
T20 operating at an accelerating voltage of 300 and 200 kV, respectively, were employed. The 
instruments were equipped with an Oxford Inca or EDAX EDX detectors. STEM images were 
captured using the BF and HAADF modes. STEM/EDX was used to analyze the composition 
of the second phase particles in the microstructures of the alloys tested. The electron transparent 
cross section specimens were produced by a site-specific thin foil preparation technique, see 
the technique presented below in Section: 2.3.8.  
2.3.8. Focused Ion Beam milling (FIB) 
The focused ion beam (FIB) technology is a relatively new and powerful ''micro-engineering'' 
tool. The method was first introduced by an Italian-American physicists-paleontologist, Levi-
Setti, in 1975. The FIB microscope is widely employed in microstructural investigations since 
it offers a combination of high-resolution imaging and flexible micro-machining [381]. These 
capabilities enable the production of site-specific cross sections. In the case of corrosion studies, 
FIB produces cross sections through oxide scales/corrosion crusts and the metal substrate with 
a much lower amount of artifacts than mechanically prepared cross sections, see Fig. 2.15. 
Additionally, the FIB is also known as an exceptional method for producing high-quality and 
extremely thin (< 100 nm) TEM thin foils [382].  
The FIB and SEM work basically in a similar way. One difference; however, is that a beam of 
electrons is used in SEM while, the probe in FIB comprises Ga+ ions. The FEI instrument used 
here was a dual beam system, equipped with both an electron and an ion column. Thus, the 
FIB/SEM was able to image the specimen before, after, and during the milling using SEs or 
ions, a function which provides appropriate process control. The electron column was equipped 
with a FEG and the ion column with a liquid gallium source. Before milling, a layer of Ni was 
deposited on the corroded samples using physical vapor deposition to protect the surface [381]. 
 
Fig. 2.15. (a) A schematic showing the in-chamber experimental set-up of the FIB technique, and (b) shows 
a rough milling during the FIBing procedure of a cross section of a corroded sample. 
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Smooth and damage-free TEM thin foils are produced using the site-specific in-situ lift-out 
procedure [381, 382]. This procedure consists of several main steps; platinum (Pt) deposition 
with the aid of electrons and ions for protection, coarse ion milling (bulk-out), U-cut, lift out, 
mounting on a copper grid, thinning and finally a cleaning procedure, see the steps in Fig. 2.16. 
In this project, FIB was employed to fabricate cross sections (see e.g., Paper VI) and thin foils 
for the TEM analysis (see e.g., Paper XIV) using an FEI Versa 3D combined FIB/SEM 
workstation. The microscope was also frequently used for imaging of the corroded samples 
using acceleration voltages in the range of 5-20 kV. 
2.3.9. Broad Ion Beam milling (BIB) 
The broad ion beam (BIB) milling method produces planar and accurate cross sections with a 
minimal amount of artifacts. BIB can produce wide cross sections through the corrosion 
products and metal substrate, which provide suitable statistical information [383]. Considering 
the large surface area (around 1.5 mm in width and several hundred microns deep) of the cross 
sections produced by BIB, the method is very well-suited to studying corrosion pits on heavily 
corroded samples. Sample preparation can otherwise be problematic when studying a corrosion 
layer on the metal surface.  
 
Fig. 2.16. SEM images showing the steps for fabricating thin TEM lamellae using the FIB technique; (a) 
and (b) deposition of Pt strip with electrons and ions, (c) and (d) coarse milling, one- and two-sided, of the 
trenches, (e) the U-cut process, milling the connection line between the thinned lamellae and the sample, 
(h), and (i) thinning (reaching to the thickness range 50-100 nm) and final cleaning of the thin foil.  
In this project, a Leica EM TIC 3X (BIB) was used to produce cross sections to study the 
morphology of corrosion products. As Mg and Mg alloys can be sensitive to high temperatures, 
liquid N2 was used to consistently cool the stage and the sample during the milling. It was found 
that the glue, which adheres a plate (Fig. 2.17) to the corroded sample, may destroy porous and 
fragile corrosion crusts that are not firmly adhered to the metal surface. However, the pits on 
the BIB-prepared cross sections could be investigated without problems, see Papers III and IV. 
The sample was first cut to obtain a smaller piece that could be fitted inside the BIB sample 
holder using a low speed saw. Lubricant was not used to avoid artifacts and further damage to 
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the corroded surface. A shield plate, which is termed “blade” in Fig. 2.17, was used to achieve 
a smooth cross section. A silicon plate was glued, using an M-bond 610 TEM glue, to the 
corroded sample for protection prior to cutting. The system was equipped with an OM to find 
the region of interest for milling. Finally, the sample was mounted to the blade with silver glue. 
The ion guns were operated at 3 KV, and the sputter time was about 4 h (Paper III). 
 
Fig. 2.17. A BIB-prepared cross section of a corroded sample (in the left image) and a schematic of the 
different layers of a prepared sample prior to milling with the BIB (in the right image).  
2.3.10.  X-ray Diffraction (XRD) 
In 1913, English physicists, Sir W.H. Bragg and his son Sir W.L. Bragg, established a 
relationship to elucidate why the cleavage faces of crystals seem to reflect X-ray beams at 
certain angles of incidence (theta, θ), see Equation 2.2 and Fig. 2.18. This concept then became 
the principle of X-ray diffraction (XRD). The relationship between the wavelength of the 
incident X-ray, the angle of incidence and the spacing between the crystal lattice planes of 
atoms is known as Bragg’s Law [384]; 
 n λ = 2dhkl sin (θ)   Equation (2.2) 
where n is the order of reflection, λ (1.5418 Å, CuKα) is the wavelength of the X-rays, dhkl is 
the interplanar spacing of the crystal, and θ is the angle of incidence. XRD is a powerful method 
for determining the crystal structure of various types of materials and compounds. The method 
is frequently used with Bragg-Brentano (BB-XRD) and grazing incidence (GI-XRD) set-ups. 
The GI-XRD set-up is surface-sensitive owing to its small incoming beam angle, which has a 
penetration depth of ~ 50-200 nm, depending on material properties.  
                 
Fig. 2.18. An incident radiation is reflected by the lattice structure of a solid crystal and will interfere if 
Bragg’s Law is fulfilled. Drawn by the author. 
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The source is fixed at a low angle while the detector scans over a range of angles. Thus, the 
crystalline corrosion products in very thin layers of the corroded metal surface can be 
investigated using GI geometry [384]. In BB-XRD geometry; however, only the planes that are 
parallel to the specimen surface diffract the X-rays providing more ''in-depth'' information about 
the crystal structure of the corrosion products formed on metallic materials [384]. In this project, 
crystalline corrosion products were analyzed using XRD (both BB- and GI-XRD) with a 
Siemens D5000 XRD (CuKα radiation) and a Bruker AXS D8 XRD (CrKα radiation (λ = 
2.29Å)) systems. The systems were equipped with a grazing incidence beam attachment with 
long Soller slits and a flat secondary monochromator. A Göbel mirror and a conventional line 
focus Cu radiation tube (40 kV/40 mA) were also attached to the systems.  
2.3.11. Fourier Transform InfraRed (FTIR) Spectroscopy 
The Fourier transform infrared (FTIR) spectroscopy is a diverse molecular spectroscopy 
method that is widely used in, e.g., organic synthesis, polymer science and petrochemical 
engineering. In infrared spectroscopy, IR radiation is passed through a sample (transmitted) and 
some of the infrared radiation is absorbed by the sample (Fig. 2.19). The resulting spectrum 
signifies molecular absorption and transmission, creating a molecular fingerprint of the sample. 
Like a fingerprint, two unique molecular structures produce the same infrared spectrum, making 
the FTIR a useful tool for several types of water chemistry analyses [385].  
Here, FTIR was used to analyze the corrosion products formed on Mg alloys (see e.g., Paper 
VI) and pure Zinc (not appended to the thesis) by means of a Nicolet Magna-IR 560 (Thermo 
Scientific) FTIR spectroscope. This method complemented some of the results obtained using 
XRD. The in-situ formation of corrosion products was also observed by means of Fourier 
transform infrared reflection absorption spectroscopy (FT-IRAS). The samples were mounted 
in the chamber and then exposed laterally to the weathering gas containing 200 ppm SO2 at 
22ºC. A Fourier transform infrared spectrometer (BIORAD FTS 60A) was linked to the 
exposure cell. More details regarding the in-situ FT-IRS are provided in Paper VII.  
 
Fig. 2.19. A schematic diagram of a FTIR system. Reproduced based on [386]. 
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2.3.12.  Ion Chromatography (IC) 
The ion chromatography (IC), also referred to as ion-exchange chromatography, is employed 
for studying water chemistry. It measures the concentration of ions (including major anions, 
e.g., chloride, nitrate, and fluoride, as well as major cations, e.g., sodium, potassium, and 
magnesium), polar molecules, transition metals, and carbohydrates, in the parts-per-billion 
(ppb) range. In addition, this method may be used for nearly any type of charged molecule 
including large proteins, small nucleotides and amino acids. Indeed, it is the most prevalent 
technique for the purification of proteins and other charged molecules. Such analysis is 
extremely useful in many industries, e.g., environmental, food and beverage, pharmaceutical, 
chemical and power generation [387]. 
The IC method separates ionic species according to their interactions with a resin, enabling the 
determination of their concentrations based on their affinity to the ion exchanger. Thus, ionic 
species are separated depending on species’ type and size, see Fig. 2.20. Sample solutions pass 
through a pressurized chromatographic column, called a separation column in Fig. 2.20. As an 
ion extraction liquid, known as eluent, runs through the column, the absorbed ions start 
separating from the column. The holding time for various species quantitatively measures the 
ionic concentrations in the specimen being tested [387, 388].  
In this project, the amount of water-soluble anions in the corrosion products formed on pure 
zinc (the paper is not appended to the thesis) and Mg alloys were measured by the IC technique. 
Water-soluble corrosion products were removed from the specimens using the leaching 
procedure, with Milli-Q water (pH 7). The amount of water soluble anions removed using 
leaching was determined by IC using Dionex DX100 with an Ionpac AD9-SC column. The 
flow rate was 2 mL/min, and 1.8 mM Na2CO3 / 1.7 mM NaHCO3 was used for the elevations.  
 
Fig. 2.20. Schematic diagram of an IC system. Drawn by the author. 
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2.3.13.  X-ray Photoelectron Spectroscopy (XPS) 
The X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for chemical 
analysis (ESCA), is an ultra-high-vacuum (UHV: P < 10-9 Torr (< 10-7 Pa)) surface-sensitive 
technique. The XPS was essentially developed by a Swedish physicist, Kai Siegbahn, who 
proposed photoemission as an analytical tool in 1954. The basis of the method was formulated 
based on the photoelectric effect, which was initially described by Albert Einstein in 1905 
[389]. This theory concerns the ejection of electrons from a solid as a result of the adsorption 
of relatively short wave length radiation. The XPS can analyze a wide range of inorganic 
compounds, and catalysts, see [390]. The XPS is also frequently used as a powerful surface 
characterization method in diverse fields of materials science such as corrosion, surface 
treatment, metallurgy, and surface coatings [390, 391]. 
The method has the ability to identify the elemental composition of the outermost atomic layers 
of a solid material. In this technique, spectra are acquired by irradiating a material surface with 
a beam of soft X-rays while instantaneously determining the kinetic energy and number of 
electrons that escape from the top 1 to 10 nm of the material being investigated, see Fig. 2.21. 
The most regularly used X-ray sources are AlKα (Ephoton = 1486.6 eV) and MgKα (Ephoton = 
1253.6 eV) [305]. As the emitted electrons' kinetic energies are determined, the electron binding 
energy (Kbinding) of the emitted electrons, i.e., the photoelectrons, can be calculated by an 
Equation that was proposed by Ernest Rutherford (1914) (Equation 2.3) [389]; 
EB = hν - Ek - Φ Equation (2.3) 
where EB denotes the binding energy (BE) of the photoelectrons, hv stands for the energy of the 
incident X-ray photons, Ek is the kinetic energy (eV) of the electrons (determined by the 
instrument) and finally Φ is the spectrometer work function that is also linked to the nature of 
the material being analyzed. The latter factor is a constant that seldom requires adjustment in 
practice [389]. In other words, BE is the direct determination of the energy needed to emit/eject 
an electron, or to ionized an atom, from the specimen.  
 
Fig. 2.21. The principle of XPS; (a) excitation and (b) de-excitation states. Drawn by the author. 
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This is the principle of the XPS and the results of the ability of the technique to determine useful 
elemental information from a sample. It should be mentioned that almost all elements (except 
hydrogen) can be identified using this technique. In addition to the photoelectrons, Auger 
electrons are also produced from the sample, as illustrated in Fig. 2.21. A photoelectron leaves 
a hole in an inner shell creating an electron from an outer shell that occupies the vacancy [391].  
Figure 2.22 shows a schematic of an XPS instrument. The instrument comprises an X-ray 
source that is constantly cooled with water, an ion gun, a specimen holder stage, several slits, a 
lens, an analyzer, a detector, electronic controls and computer system and software for data 
analysis [304, 305]. The UHV is required to avoid surface reactions/contaminations. The UHV 
is also necessary for providing a media for the collision of the electrons with residual molecules. 
In the X-ray source, there is a hot filament and an anode. The voltage potential between them 
releases electrons from the filament and accelerates them towards the anode, which generates 
X-rays [389].  
 
Fig. 2.22. A schematic of an XPS system. The specimen is inserted into a rotary pumped chamber where 
the pressure is ~10-3 mbar prior to its transfer into the preparatory chamber and the analysis.   
In this project, XPS was used to analyze surface films formed on Mg alloys after exposures to 
atmospheric environments. The XPS analyses were conducted by means of a PHI 5500 
instrument using an AlKα X-ray source (93.9 eV). Selected region spectra were recorded 
covering the C 1s, O 1s, Mg 2p and Al 2p photoelectron peaks. Curve fitting was done using 
the PHI Multipak software by assuming a Shirley background to achieve chemical state 
information of the elements [306]. The acquisition conditions were 23.5eV pass energy, a 45° 
take off angle and a 0.1 eV/step. The depth profiling was carried out by means of successive 
argon ion etchings and XPS analyses (4kV). The etch rate was calibrated using Ta2O5 with a 
known thickness under the same test condition. The concentration was calculated from the peak 
areas assuming a Shirley background using Cx = (Ix/Sx)/(ΣIi/Si), where Ix is the intensity of the 
element X, Sx is the atomic sensitivity factor of each photoelectron provided by the instrument 
manufacturer, see [391] for more details. 
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2.3.14.  Auger Electron Spectroscopy (AES) 
The Auger electron spectroscopy (AES) is also a frequently used surface characterization 
technique. Underlying the technique is the ''Auger'' effect, as it has come to be called. The auger 
effect was discovered by both Lise Meitner and Pierre Auger in Austria and France in the early 
1920s. The effect is based on the analysis of energetic electrons emitted from an excited atom 
after a series of internal relaxation events [392]. Similar to XPS, AES provides quantitative 
information concerning the chemistry of the material surfaces by measuring the energy of 
emitted electrons. This is done by utilizing a high energy electron beam as an excitation source. 
In contrast to the XPS, this method uses electrons as the primary radiation instead of X-rays. 
Moreover, while photoelectrons are emitted core electrons in the XPS, Auger electrons are 
ejected as a result of the return of the ionized atom to its ground state [392], as shown in Fig. 
2.21 (above).  
An illustration is given in Fig. 2.23, which shows the three main steps in which an Auger 
electron is emitted from a solid. When an electron beam with a sufficiently high amount of 
energy (normally in the range 3-30 keV) hits the surface of a solid, a core electron is ejected 
leaving a vacancy behind, step (A) in Fig. 2.23. After this, an electron of higher energy moves 
down to fill the vacancy formed by the emitted core electron, step (B) in Fig. 2.23. In the next 
stage, a tertiary electron, which is the Auger electron, is ejected from a higher shell as a 
consequence of the energy emitted from step (B) and step (C) in Fig. 2.23. Auger electrons are 
the foundation of an AES analysis [392, 393].      
 
Fig. 2.23. A schematic of the Auger process in which an Auger electron is emitted. Drawn by the author. 
Perhaps the starkest difference between AES and XPS is the lateral resolution of the methods. 
The AES gives rise to a lateral resolution typically in the range 10-100 nm, whereas the lateral 
resolution of the XPS falls in the range of a few to 100 µm. It is worth mentioning that since 
low energy electrons are analyzed in both methods, they exhibit comparable depth resolution 
(in the order of nanometers) and sensitivity values (~ 0.1 at.%). Here (see Paper VII), AES was 
used as a site-specific surface-sensitive analytical technique for analysing the surface layers 
formed on α-Mg grains and inter-dendritic regions of an exposed Mg alloy AZ91 and the MMCs 
using high-resolution auger electron spectroscopy (HR-AES). The analyses were conducted 
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with a Physical Electronics Model 700 scanning auger nanoprobe (LS) apparatus equipped with 
a spherical sector analyser. Spectra were recorded in direct mode with a 2-5 keV and 1 nA 
primary beam. The AES analyses were performed with a depth resolution of ~ 3 nm, high 
elemental sensitivity down to 0.1 (in at.%) and a rather high lateral resolution of ~ 6 nm. 
2.3.15.  Secondary Ion Mass Spectrometry (SIMS) 
Secondary ion mass spectrometry (SIMS) is the most sensitive of all the commonly-used 
surface analytical techniques. The SIMS instrument was initially developed within an American 
project, which was sponsored by NASA, in Massachusetts in the early 1960s [394]. The method 
is capable of detecting impurity elements (at < 1 ppb or ppm concentration) present in a surface 
layer. The SIMS technique comes with a unique combination of extremely high sensitivity to 
all elements from hydrogen (H) to Uranium (U), high lateral resolution imaging (~ 40 nm), and 
a very low background, which permits a high dynamic range (> 5 decades). The method can be 
used to complement the results obtained using AES and XPS [309, 310]. Time-of-flight SIMS 
(TOF-SIMS) is a variant of SIMS that focuses a pulsed beam of ions onto a specimen surface 
using focusing optics and raster, thus creating secondary ions in a sputtering process, see the 
schematic illustration in Fig. 2.24. In this technique, a pulsed ion beam (Cs or a microfocused 
Ga) is used to remove molecules from the outermost surface, i.e., atomic monolayers, of a 
sample. The generated ions are then accelerated into a "flight tube" and their mass is calculated 
by measuring the exact time at which they touch the detector (termed time-of-flight) [395].  
In this project (Papers V and IX), a Tof-SIMS spectrometer was used to analyze the corroded 
surfaces of the Mg alloy AM50 after a corrosion exposure in the presence of NaCl and CO2. 
The experiments were performed using a ToF-SIMS V instrument (ION-TOF, GmbH, Münster, 
Germany) (Fig. 2.25) equipped with a 25 keV Bismuth LMIG (Liquid metal ion gun) and a 10 
keV Cs sputter gun, which provided high precision information on the concentration of 
elements as a function of depth. Depth profiling and imaging was carried out in the non-
interlaced mode with 1 frame of analysis, 1 s of sputtering and 0.5 seconds pausing per cycle 
while using a floodgun for charge compensation. 
 
Fig. 2.24. A schematic diagram showing different parts of a SIMS system. Drawn by the author. 
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The Bi-LMIG was set in the high current bunched mode (mass resolution m/∆m: 6000; focus 
of the ion beam: 1 µm) using Bi ions with a target current of 1 pA while Cs ions at 3keV and 
0.3 nA were employed for sputtering. Both image and depth profile analyses were performed 
using the ION-ToF Surface Lab software (Version 6.3, ION-TOF, GmbH). The total primary 
ion flux was kept below 1012 ions/cm2 to ensure static situations for the imaging experiments.  
 
Fig. 2.25. Photos showing the position of samples in the Tof-SIMS stage and the instrument (ToF-SIMS V). 
2.3.16. Atomic Force Microscopy and Scanning Kelvin Probe Force Microscopy               
(AFM-(SKPFM))  
The atomic force microscopy (AFM) determines local properties, e.g., the height, friction and 
magnetism of the surface of a solid by means of a very sharp tip. The AFM falls under the 
category of scanning probe microscopes (SPMs) that have been developed progressively since 
the introduction of the scanning tunneling microscope (STM) by Gerd Karl Binnig (Germany) 
and Heinrich Rohrer (Switzerland) in the 1980s for which they were awarded the Nobel Prize 
in Physics in 1986 [396]. An AFM employs a spring-like cantilever with an extremely sharp tip 
at its end in order to scan over a specimen surface. As the tip approaches the specimen surface, 
the close-range, attractive force between the surface and the tip causes the cantilever to deflect 
and move towards the surface (Fig. 2.26). The interactions between the tip and the surface are 
then converted to understandable data using a photodiode detector. The AFM also provides an 
opportunity to measure the roughness of the sample surface at a high resolution [396].  
 
Fig. 2.26. A schematic diagram of an AFM system. Drawn by the author. 
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In this research, 3D imaging of a few exposed Mg alloys AM50 was carried out using an AFM, 
Q-Scope 350 from Quesant Instrument Corporation and an Agilent 5100 microscope, in tapping 
mode (vibration frequency of 174 kHz) and the Q-analysis 4.0 software (Paper IX).  
Scanning kelvin probe force microscopy (SKPFM), which is a variant of the AFM technique, 
determines the Volta potential difference between the scanning tip and the interrogated surface 
[11, 397]. The Volta potential (also termed as the Volta potential difference, contact potential 
difference, Δψ) is the electrostatic potential difference between two constituents that are in 
contact and are in thermodynamic equilibrium [397, 398]. Considering the electrochemical 
nature of Mg-corrosion, SKPFM provides valuable information about the initial stages of 
corrosion. Here, a limited attempt was made to perform in-situ SKPFM experiments using a 
Nanoscope IIIa Multimode (Olympus micro cantilevers, n+ silicon conductor, and a spring 
constant of about 27 N/m), see Paper VIII. 
2.3.17.  A comparison between the methods  
The sphere in Fig. 2.27 summarizes the methods used. These techniques provided information 
regarding the structure/microstructure and chemistry of the surfaces. While some techniques 
were site-specific (e.g., SEM, TEM, AES, and FIB), others were capable of providing more 
general information from the specimen surfaces (e.g., IC, and BIB). While some techniques 
provided information from the outermost layers of a specimen (e.g., AES, and SEM/EDX), 
others delivered information from the inner layers of the specimens (e.g., BB-XRD).   
 
Fig. 2.27. A rough description of the application (structure/chemistry) and capability (depth/position) of the 
techniques used in this research. 
 
 
 75 
 
2.4. Quantitative characterization of the microstructure 
While techniques such as SEM, TEM, and AES deliver information from rather local regions, 
quantitative assessments provide an overall picture from the specimens being studied. This is 
especially the case for analyzing the volume fraction of β phase particles in Mg or in Al alloys, 
an SEM image cannot be used to conclude, e.g., the fraction of the phase is higher in one 
material than in another. This is also true for the area/volume fraction of casting pores, the 
distribution of ceramic reinforcements in the MMCs, and, to some extent, the size of grains in 
the alloys microstructure. This important issue is schematically illustrated in Fig. 2.28. 
 
Fig. 2.28. Qualitative versus quantitative assessments of materials microstructures. Drawn by the author. 
Bearing the importance of such analyses in mind, extensive efforts were made to quantify the 
microstructure, e.g., the size, fraction and distribution of micro-constituents, and quality, e.g., 
the fraction of pores, of the materials tested in this project. Quantitate characterization of the 
microstructure of the castings (Mg alloys) were performed over an area of 1.2 - 2.5 mm2. A 
relatively large area, which gave rise to massive amount of data, was studied to increase the 
reproducibility of data. Samples were cut from longitudinal and cross-sections of the RC and 
HPDC materials. Special care was taken to cut the specimen from the same bar thickness from 
the casting to be able to compare the data. Additionally, samples were cut from the same 
distance (~ 1 mm) from the casting surfaces. In some cases, a solution of Nital (5 ml HNO3 + 
95 ml ethanol) was employed as an etching reagent to reveal the microstructural features of the 
Mg alloys. Statistical data were obtained using different types of analytical software (see below) 
that function based on the stereology approach. Stereology can be described as a useful and 
practical mathematical science that works on inferring (n+1) dimensional data from observation 
at the nth level [399]. The software calculates the intercept lengths stereologically. The 
following three software packages were used: 
 AdobeR PhotoshopR CS4 Some of the image processing (such as the size and aspect ratio 
of the α-Mg grains) was carried out using AdobeR PhotoshopR CS4 (version 11.0.1). The 
software is originally connected to FoveaPro 4.0R and generated by Reindeer GraphicsR.  
 ImageJR This software is a public domain and Java-based image processing program 
created at the National Institutes of Health (USA). The software was not as user-friendly as 
PhotoshopR + FoveaProR. It was used to measure the grain sizes and for calculating the 
fraction of casting porosity in the RC and HPDC materials. 
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 Image Pro-Plus This software is designed to measure microstructural features using color 
OM photographs, magnified ×4, converted to 8-bit grey scale images then pre-processed 
and segmented using histogram-based segmentation. The histogram of a binary image is 
obtained and the percentage of white regions is calculated. The software is used to quantify 
some microstructural features such as the fraction of inter-dendritic regions. 
The grain size measurements were carried out using EBSD data and also based on the Feret 
diameter, also called Feret's diameter, which is a measure of the size of an object or a particle 
in a specified direction [400]. In the case of microstructural studies, the Feret Diameter is 
defined as the distance between two parallel tangential lines rather than planes. The aspect ratio 
of α-grains was also obtained using EBSD data and also by means of F = 4 πA/P2, where A is 
the area and P is the peripheral length of a grain [401]. In the case of the uniformity of SiC 
particulates were investigated for Mg alloy AM50 and AZ91D-based MMC using the nearest 
neighbor distance (NND) distribution function and the Quadrant method.  
The NND function was used to describe the arrangement of SiC clusters (≥ 100 µm) in a 
quantitative manner. This function was also used to quantify the distribution of corrosion 
products (Paper IX) and β phase particles (see Paper I) The NND is a probability density 
function such that P(r) dr is the probability of finding the nearest neighbor of a particle with 
the same characteristics in the distance range r to (r+ dr). The coordinates (X, Y) of events in 
the examined microstructural region were first defined. These coordinates were (X1, Y1), (X2, 
Y2), (X3, Y3),… (Xn,Yn), where n is the total number of events. The event-event distances were 
calculated in one, two,… six directions. In each direction, the distance between the events was 
then calculated using the following Equation [401]; 
NND = ((X2 – X1)2 + (Y2 – Y1)1/2) Equation (2.4) 
The quadrant technique was selected for studying/quantifying the distribution of SiC particles 
in MMCs. When studying the microstructure of MMCs, understanding the uniformity of 
reinforcements is of crucial importance. Such information can be obtained using the quadrant 
method in combination with different probability functions that explain the probability 
distribution of specific events occurring at specific intervals. To do this, SEM micrographs were 
divided into square cells (as shown in Fig. 2.29) and counting the number of SiC particulates 
in each quadrant, Nq. 
Normally, an ordered particle distribution, e.g., in the MMCs, would be expected to generate a 
large number of quadrats containing approximately the same number of particles. Instead, a 
clustered distribution would be expected to produce a combination of empty quadrats, quadrats 
with a small number of particles, and quadrats with many particles. A random distribution 
would be expected to produce results somewhere in between these two extremes. In this study, 
the quadrat method was used on several SEM micrographs, and some OM images, within square 
fields, 600 × 600 pixels in size. In some cases, images were divided into 225 quadrats. The 
calculated number of particles per cell distribution was then compared to the two theoretical 
distributions that are frequently used in statistical analysis; 
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Fig. 2.29. An example of a SEM micrograph division in the quadrant method (IMC: intermetallic 
compounds). Note that each of the quadrant analysis was performed on several OM and SEM micrographs.  
 The Poisson distribution This function is based on discrete events that happen per cell. The 
units/cells can be time, length, area and volume. The probability of an event is linked to the 
size of an interval. Thus, it is a discrete probability distribution with a probability function and 
can be expressed by the following Equation [402]; 
P(y; λ) = 
(𝜆)𝑦 𝑒−𝜆
𝑦!
   
Equation (2.5) 
where y denotes the value of the random parameter and can be 0, 1, …, y! has the typical 
meaning of y factorial, e is a constant and λ is the expected number of events per cell. The 
formula above can be modified and also simplified to the following Equation; 
P(y) = 
µ𝑛
𝑦!
 exp (-µ) Equation (2.6) 
where P(y) show the probability parameter, y denotes the number of event per cell and µ is the 
mean value of the number of particles per cell. 
 The negative binomial distribution This probability function refers to the discrete probability 
distribution of a number of independent events distributed prior to a specified (non-random) 
number of failure occurrences. The negative binominal distribution is usually expressed by 
the following Equation [402, 403]; 
r(x) = 
(𝑣)𝑥
𝑥!
 𝑝𝑥  (1 − 𝑝)𝑣   (x = 0, 1, 2, 3, …) Equation (2.7) 
where p is the probability which can vary be between 0 and 1, v shows the dispersion factor 
and can be > 0. This Equation can then be modified to the following Equation, which is more 
accurate and was used in this project; 
P(r) = ( 
(𝑘 +𝑟−1)!
(𝑘−1)!𝑟!
) ( 
𝑝
1+𝑝
)
𝑟
 ( 
1
1+𝑝
)
𝑘
 
Equation (2.8) 
where P(r) indicates the probability mass function, r denotes the number of particles per cell, 
µ is the mean value of the number of particles per cell, k and p are constant parameters that 
can be determined according to [399].  
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If the data of an experiment creates a Poisson process and the units are random and 
individualistic, i.e., if a homogenous particle distribution is present in the material’s 
microstructure, then the suitable probability model for the number of events per cell is the 
Poisson distribution. This type of distribution is normally the desired type of configuration, 
which one would desire to achieve in e.g., ceramic reinforced MMCs. In contrast, if the data 
exhibit a binomial distribution and events are non-randomly distributed, i.e., cluster-like events 
are present in a system, then the probability function will be the negative binominal. 
2.5. Mechanical properties of the welds 
Tensile tests and microhardness measurements were performed on welded Al alloy 6005-T6 
(see Papers XIII and XVI). Tensile experiments were done at ambient temperature using a 250 
kN servo-hydraulic machine operated in ram displacement control at a crosshead speed of 1 
mm/min. A computer-based data acquisition system was used to control machine operation and 
data recording. Transverse tensile test specimens were prepared based on ASTM: B557M-10 
standard (round and flat types) [404], see Fig. 2.30.  
 
Fig. 2.30. The dimensions of tensile samples (in mm); (a) flat, and (b) round. Drawn by the author. 
Furthermore, some small-sized tensile specimens were prepared to examine the local tensile 
properties of the welded materials, see Fig. 2.31. The tensile experiment on the small-sized 
specimens were performed using a constant strain rate of 8×10−4 s-1 with a computer-controlled 
Instron machine model 3385H at ambient temperature. Vickers micro-hardness measurements 
were carried out with a 100 gf load and 15s dwell time. Data were acquired along the 
longitudinal section at the middle thickness of the weld, see Fig. 2.31. Each reported datum of 
hardness and tensile experiments is the average of four test results. 
 
Fig. 2.31. Illustration of the cross section of FSW materials, showing the location of the tensile specimens 
and the location of microhardness measurements in the transverse sections. Drawn by the author. 
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2.6. Friction Stir Welding and Processing (FSW/P) 
Fixed pin (FSW) and bobbin tool (BFSW) were used (Papers XII-XVI) to produce the welds. 
In some cases, welds were produced at Sapa Technology. Al alloys with two different 
thicknesses (10 and 7 mm) were welded. FSW tools at Chalmers University of Technology 
were made of cold worked X155CrMoV12-1 steel, see the geometry and dimension of one of 
the tools in Fig. 2.32. The tools were oil-hardened to reach to a hardness value of 62-64 HRC.  
 
Fig. 2.32. A FSW tool produced to weld Al alloy plates with a thickness of 7 mm. 
FSP was performed in the presence of liquid N2 (Papers XVI). A new quenching methodology 
was used. In addition to spraying liquid N2 on the upper surface of the samples, behind the tool, 
a copper anvil with three connected tunnels was produced, similar to the anvil used by Cheng 
et al. [405]. Liquid N2 entered from one side and discharged from the other side of the anvil 
(Fig. 2.33). Hence, the generated heat was continuously and simultaneously transferred to air 
from the upper side and from the copper backing anvil from the lower side of the samples as 
quickly as possible. In this way it was possible to study the effect of freezing the microstructure 
on the corrosion behavior of the AA6005-T6. In-situ thermal analysis was performed using nine 
thermocouples (k-type), as shown in Fig. 2.33 (b). 
 
Fig. 2.33. (a) The anvil manufactured in this project to achieve high cooling rates during FSP, and (b) the 
location of k-type thermocouples. Note: Only one or two thermocouples were used in some cases. 
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 CHAPTER 3  Results and discussion 
 
Science is always wrong. It never solves a problem without creating ten more! 
George Bernard Shaw (1856 –1950), a Nobel-Prize-winning Irish playwright, critic and passionate socialist. 
 
This section covers: (a) a summary of the results reported in the papers, and (b) some 
unpublished research related to the microstructure and corrosion properties of the materials 
investigated.  
Papers I-VIII report on the microstructure and atmospheric corrosion behavior of Mg-Al alloys 
(mainly AM50 and AZ91D) in the HPDC and RC states. The microstructure of the alloys is 
characterized using various types of statistical approaches and analytical techniques in order to 
understand their corrosion behavior. In addition, the papers report the effect of important 
atmospheric variables, such as temperature, CO2, SO2, O3, and NO2, on the corrosion of Mg 
and Mg-Al alloys. Papers IX and X report on the capabilities of in-situ ESEM and ToF-SIMS 
in Mg and Mg alloys-atmospheric corrosion studies.  
Papers XI and XII focus on the microstructure and atmospheric corrosion behavior of Mg 
alloys-based MMCs (Mg alloy AM50/SiC-MMCs and AZ91/SiC-MMCs). The latter also 
investigates the effect of casting process parameters on the microstructure, and, accordingly, on 
corrosion behavior of the MMCs. 
Papers XIII-XVI present some of the results related to the microstructural evolution and 
atmospheric corrosion behavior of FSW/BFSW/FSP AA6005-T6. An attempt is made to 
examine the capability of the BFSW technology to fabricate Al alloy weldments with relatively 
thick sections in Papers XIII. The corrosion properties of the BFSW and FSW weldments are 
compared in Paper XIV. The microstructure/corrosion behavior of the multi-pass FSP 
specimens is analyzed in Paper XV. And finally, FSP is used as a generic tool to induce 
microstructural changes in AA6005-T6 in Paper XVI. The results, presented in Papers XIII-
XVI, provide new insights into the effect of microstructure on the atmospheric corrosion 
behavior of the Al alloy investigated.  
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3.1. Microstructure and atmospheric corrosion of Mg alloys     
3.1.1. Microstructural characterization: RC vs. HPDC alloys  
Because the chemical composition is almost identical (Section: 2.1), the different properties of 
metallic materials produced by different routes must be linked to the difference(s) in the 
microstructure. Hence, the first step was to perform a comprehensive quantitative/qualitative 
characterization of the microstructures of the Mg alloys AM50 and AZ91 produced by the RC 
and HPDC techniques. The characteristics of all microstructural constituents and casting pores 
were examined using several analytical techniques, as detailed in the Materials and Methods 
section. The microstructure of the Mg-Al alloys, the MMCs and the Al alloy were studied based 
on a strategy. Figure 3.1 presents the approach for characterizing the microstructure of Mg-Al 
alloys (Papers I-VIII). Considering the complications linked to the microstructural 
quantification of the cast Mg-Al alloys, quantifications were conducted both on the etched and 
non-etched samples depending on the phase of interest. Thus, β and η particles as well as casting 
pores were characterized on non-etched/fully polished surfaces, while the quantification of the 
characteristics of the α phase was carried out on etched samples (e.g., Fig. 3.1). The results of 
the microstructural characterizations of the Mg alloys studied are presented in Papers I-III. 
 
Fig. 3.1. Illustration of the microstructural characterization strategy for Mg alloys. 
Before starting to summarize the results obtained from the microstructural studies in Papers I-
III (see the following pages), the following general points need to be clarified; 
1. The importance: Quantitative microstructural studies greatly helped understand the 
atmospheric corrosion behavior of Mg alloys produced using different casting techniques. 
2. Casting-microstructure: As expected, the casting route had a significant impact on the 
characteristics of all the microstructural features of the Mg-Al alloys including α-Mg grains, 
intermetallic particles and casting pores.  
3. Casting-alloy composition: The RC technique induced similar microstructural changes in 
the alloy AM50 and the alloy AZ91D compared to the alloys produced using the 
conventional HPDC technique.  
4. RC versus HPDC techniques: In general, the RC process results in a more ''desired'' 
microstructure in the cast Mg-Al alloys, from a corrosion point of view.  
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α-Mg This phase occupies the highest area/volume fraction (60-85%) of the microstructure of 
Mg-Al alloys. Alloys AM50 and AZ91D produced using the RC techniques exhibited a coarser 
microstructure, i.e., larger α-Mg grains in their matrices, than in the ones produced using 
conventional HPDC technique, see the compressed OM images in Fig. 5 in Paper I, the EBSD 
orientation maps in Fig. 3 in Paper II and Fig. 3.2 (below).  
 
Fig. 3.2. EBSD orientation maps of Mg alloy AZ91 in the (a) RC and (b) HPDC states. Note the coarser 
grain structure in the RC material compared to the HPDC alloy. 
Table 3.1 lists statistical data related to the α-Mg grains in the alloys produced using the RC 
and HPDC techniques. The results revealed several important differences between the RC and 
HPDC materials. First, the data obtained from both the EBSD and stereology analyses 
confirmed the presence of larger α-Mg grains in the microstructure of the RC materials than in 
the HPDC alloys. It should be noted that the grain sizes obtained from the EBSD data were 
consistently larger than the ones obtained from image analyses, which is attributed to the way 
EBSD identifies the grains (see Paper I for more details). Second, the area/volume fraction of 
α-Mg was higher in the RC alloys than in the HPDC materials, which is partially linked to the 
lower fraction of inter-dendritic regions in the RC. Third, the RC materials exhibited grains 
with higher aspect ratios than the HPDC alloys. In other words, the grain structure was more 
dendritic in the HPDC materials than in the RC alloys. When comparing alloys AM50 and 
AZ91D, the α-Mg grains were smaller in the alloy containing more Al (alloy AZ91D). As 
explained in Introduction, one of the purposes of adding Al to Mg alloys is grain refinement, 
which happens via the formation of intermetallic compounds restricting grain growth during 
solidification. All the above highlights are detailed in Papers I-III.    
Table 3.1. Data of α-Mg grains in the RC and HPDC alloys (bar thickness: 12 mm). (Unpublished). 
  RC (EBSD) HPDC (EBSD)  RC (Stereology) HPDC (Stereology) 
Fraction (%) 
AM50 - -  81.5 74.2 
AZ91D - -  75.3 70.1 
       
Size (µm) 
AM50 34.5 ± 3 25.5 ± 6  30.1 ± 6 16.3 ± 4 
AZ91D 32.1 ± 8 21.3 ± 2  28.6 ± 8 14.7 ± 7 
       
Aspect ratio 
AM50 71.4 44.5  67.3 36.7 
AZ91D 75.8 43.9  75.9 45.3 
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The formation of a coarser grain structure in the RC materials than in the HPDC alloys was 
attributed to differences in the solidification in the two casting technologies. HPDC poses a 
relatively low level of control over the solidification process as compared to the RC technique, 
where there is excellent temperature control (the role of EEM). It should also be kept in mind 
that there is a high fraction of pre-existing solid particles in the RC materials, which are given 
more time to grow. Also, note that the cooling regime is different in the two casting techniques. 
It is suggested that the cooling rate is higher in the HPDC than in the RC technique, and that 
dendritic growth is enhanced by the high cooling rate. See Papers I, II and III for more details.  
β phase (Mg17Al12 particles) This is the second most abundant constituent in Mg-Al alloys, 
which forms particles in the inter-dendritic regions. With respect to the β phase, the differences 
between the RC and HPDC alloys were quite significant for both AM50 and AZ91D (see Fig. 
3.3 where intermetallics appear brighter than the matrix). The differences were as follows; (i) 
while the β phase appeared as large/elongated and inter-connected particles in the 
microstructure of the RC materials, it formed small/rounded and ''less'' connected particles in 
the HPDC alloys, (ii) the RC materials exhibited a higher area/volume fraction of βparticles (by 
a factor of 2-3) than the HPDC alloys, (iii) the number densities (ρN) of β particles were much 
lower in the microstructure of the RC materials than in the HPDC alloys, and (iv) the 
morphology of the β phase particles also differed; the β phase formed massive (divorced-like) 
particles in the HPDC materials, whereas the RC alloys exhibited β particles with a lamellar-
like morphology in addition to the divorced morphology, see Fig. 10 (a) and (b) in Paper I.     
 
Fig. 3.3. SE-SEM micrographs showing the typical microstructure of alloy AZ91D in the (a) RC and (b) 
HPDC states. Note the differences in the size and ρN of the β phase particles. Note: Inter-dendritic regions 
are not visualized in the SEM images as the samples were not etched.  
The considerably higher fraction of β phase particles was the most crucial difference between 
the alloys produced by the two casting techniques. This was surprising as XRF and optical mass 
spectroscopy showed that the overall Al content in the RC alloys was slightly lower than in the 
HPDC materials, see Section: 2.1. We proposed that this phenomenon is partially associated to 
the lower fraction of Al-rich regions, i.e., inter-dendritic regions, in the RC materials than in 
the HPDC alloys. Also, we suggested that the morphology (aspect ratio or the degree of 
roundness) of the large α-Mg grains in the RC materials (see the data in Table 3.1.) facilitates 
the formation of β phase particles. Therefore, in the RC alloys, the growth of β phase particles 
is less constrained by the more rounded α-Mg grains than in the HPDC alloys.  
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η phase (AlMn particles) This phase appears as small particles with an irregular or polygonal-
like morphology in SEM images (Fig. 3.3). The particles were present not only in the inter-
dendritic but almost everywhere, i.e., inside α-Mg grains, in the inter-dendritic regions and in 
the β phase particles. As expected, SEM inspections showed that the η particles were 
considerably smaller and had a much smaller area/volume fraction than the β particles (see Fig. 
3.3). EDX analysis revealed that the phase mainly contained Al (45-48 wt.%), Mn (43-50 wt.%) 
and Mg (2-4 wt.%). In some cases, these particles contained traces of Fe (0.2-0.5 wt.%), see 
Table 2 in Paper III. Quantitative data regarding η particles, presented in Fig. 9 (c) in Paper I, 
showed that while the fraction of η phase particles (0.35-0.4 %) was almost the same in the 
microstructure of the RC and HPDC alloys, it appears as finer particles in the HPDC alloys than 
in the RC materials for both AM50 and AZ91D. 
To investigate the lateral distribution of η particles in the microstructure of the alloys produced 
by the two casting technologies, the particles were quantified (see Fig. 3.4). On the basis of the 
results presented in Fig. 3.4, the frequency of η particles in the different parts of the 
microstructure of the RC and HPDC materials was as follows; 
 RC AZ91D        :  β phase > inter-dendritic regions > interfaces > α phase 
 HPDC AZ91D :  α phase > inter-dendritic regions > interfaces > β phase 
Thus, while most of the η particles were present inside α-Mg grains in the HPDC materials, 
they tended to be embedded in the β phase particles in the microstructure of the RC materials 
(Fig. 3.4). A similar distribution of η particles was observed for alloy AM50 (not shown). 
  
Fig. 3.4. The effect of casting route on the distribution of η particles in alloy AZ91D obtained from an 
examined area of 1.97 mm2. Note: IDR stands for inter-dendritic regions. (Unpublished). 
Moreover, from the data presented in Fig. 3.4, it can be readily deduced that the ρN of η particles 
was greater in the HPDC than in the RC alloy. In other words, considering the similar fraction 
of this phase in the alloys produced by the two casting techniques, the difference in ρN is 
attributed to the smaller size of the AlMn particles in the HPDC material. Such a great 
difference in the distribution of η particles in the alloys is, of course, related to the differences 
in terms of cooling rate and/or the way the slurry/melt is injected into the molds. However, 
further studies are required to explain this difference.  
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Casting porosity As described earlier, casting pores deteriorate the mechanical properties of 
cast alloys. They also pose restrictions in heat treatment and welding. The results showed that 
the RC alloys (both AM50 and AZ91D) contained a much lower fraction (2-3 times) of casting 
pores (including trapped gas as well as shrinkage pores) than the HPDC materials, see Papers I 
and II. To briefly explain this important difference, it should be noted that trapped gases, 
bubbles, and casting shrinkages have much less chance to form in the RC alloys than in the 
HPDC materials due to the lower process temperature, and higher viscosity of the feeding 
material. In addition, the RC process induces strong shearing forces on the slurry, and, 
therefore, the feed rate of the casting increases, giving rise to relatively quick fill speeds at high 
pressure, see Paper I for more details. Also, the relatively high fraction of pre-existing solid 
particles lowers the solidification shrinkage in the RC materials.  
To summarize this section, it was qualitatively and quantitatively shown that there were 
significant microstructural differences between the RC and HPDC materials. This was true for 
all microstructural constituents as well as casting defects and pores, see the summary in Table 
3.2. This means that the first goal, i.e., producing sound (heat treatable/less pores) cast Mg 
alloys using the RC process was successfully achieved. 
Table 3.2. Summary of the microstructural differences between the RC and HPDC materials. The 
corresponding quantitative data are presented in Papers I-III. The differences were evident for both alloys 
(AM50 and AZ91D). Note: IDRs stands for inter-dendritic regions. 
      RC alloys HPDC alloys 
α
 p
h
a
se
 Higher area/volume fraction  Lower area/volume fraction  
Lower area/volume fraction of the IDRs Higher area fraction of the IDRs 
Larger α-Mg grains Smaller α-Mg grains 
Less dendritic α-Mg grains More dendritic α-Mg grains 
   
β
 p
h
a
se
 Higher area/volume fraction  Lower area/volume fraction  
Lower ρN Greater ρN 
More elongated particles More rounded particles 
More inter-connected particles  More dispersed particles 
   
η
 p
h
a
se
 Similar area fraction as in HPDC alloys Similar area fraction as in RC alloys 
Lower ρN Greater ρN 
Larger particles Finer particles 
Tends to be embedded in the β particles More frequent within α-Mg grains 
   
P
o
re
s Lower  area/volume fraction Higher area/volume fraction 
Formed as narrow channel-like shrinkage pores  Formed as large gas pores 
Mainly present in inter-dendritic regions Almost everywhere in the microstructure 
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3.1.2. The effect of microstructure on corrosion  
Examples of corrosion rates are shown in Fig. 3.5. As can be seen, both types of exposures 
showed that the average corrosion rates of the RC alloys (AM50 and AZ91D) were lower than 
the HPDC ones. This trend was evident at all temperatures investigated and in all the corrosion 
conditions examined; see also Table IV in Paper II and Fig. 6 in Paper III. 
 
Fig. 3.5. The effect of microstructure on the metal loss of Mg alloys; (a) AM50, and (b) AZ91D. The corrosion 
exposures were performed at constant temperature and constant RH (Temp.: 4ºC, RH: 95%, NaCl: 70 µgcm-
2 and CO2 concentration: 400 ppm) and in cyclic conditions based on the ACT II standard. The exposure 
time for both experiments was 672 h (4 weeks). (Unpublished). 
As an example, the metal loss of RC AM50 (Fig. 3.5 (b)) exposed in the presence of NaCl (in 
the constant temperature and RH experiment) was less than that of the HPDC AM50 by a factor 
of 4. The consistently/considerably better atmospheric corrosion resistance of the RC materials 
compared to the HPDC materials was a significant achievement of this project. The results 
were, indeed, promising as the RC alloys also exhibited better casting quality. As the global 
chemical composition of the RC and HPDC materials were essentially the same (see Table 2.1 
in the Materials and Methods section) and because the exposure parameters were identical, the 
difference in the corrosion behavior of the RC and HPD materials could be directly linked to 
the differences in their microstructures. Thus, the next step was to find out the reasons behind 
the better corrosion resistance of the RC alloys. This is the subject of Papers II, III and IV.  
Before correlating the corrosion behavior to the microstructure of the RC and HPDC materials, 
a literature survey of the field is appropriate. In 1989, Lunder et al. [129] observed an interesting 
phenomenon regarding the role of β phase in the corrosion behavior of Mg-Al alloys. They 
reported that β phase particles can act as ''corrosion barriers'' as the rate of corrosion of this 
phase is much lower than for the α-Mg grains in the alloy matrix. Some years later, in 1999, 
Song and Atrens [130] borrowed the concept of the barrier effect, proposed by Lunder et al. 
[129], and suggested an explanation of the effect of microstructure on the corrosion behavior 
of the Mg alloy AZ91. Their description, which is often quoted (cited more than 300 times), 
highlights the effect of the morphology of the α-Mg grains and the β phase particles on 
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corrosion. They stated that when the α-Mg grains are small, the fraction of the β phase particles 
becomes high, and, therefore, the β phase particles act as a corrosion barrier. They also argued 
that when the α-Mg grains are large, the fraction of β phase becomes low, resulting in 
accelerated corrosion due to micro-galvanic coupling of the micro-constituents. Later, Atrens, 
Song and co-workers proposed a slightly different explanation. In the new version, they stated 
that the β phase particles play two roles; they can either act as corrosion barriers or as active 
cathodes, depending on the volume fraction [125].  
In contrast, Jönsson et al. [406] have stated ''In our view the phases with a higher aluminium 
content, i.e., β-phase and eutectic α/β-constituent, do not form a protective barrier, as discussed 
by Lunder [129] and Song and Atrens [125, 130]. After the initial rapid corrosion of the α-
phase the corrosion rate exhibits a change and a slower corrosion process occurs with 
dissolution of phases with a higher aluminium content.'' 
While Song and Atrens [125, 130] suggest that a high fraction β phase particles is favorable 
from the corrosion point of view, other researchers believe that decreasing the β phase fraction 
or decreasing the size of the β phase particles improves the corrosion resistance of Mg-Al alloys 
[407-409]. In other words, it has been claimed that refining the microstructure of the Mg alloys 
(e.g., refinement of both α-Mg grains and β phase) or suppressing the formation of β phase by 
alloying elements such as scandium (Sc) [407] and bismuth (Bi) [408] results in an improved 
corrosion resistance via a decrease in the kinetics of the cathodic reaction. There are also other 
reports stating that lowering the fraction of the β phase through alloying can decrease the rate 
of corrosion, see Arrabal et al. [409, 410].  
It may be noted that the findings presented in the thesis are not in agreement with the above 
explanations. Thus, the RC materials, which exhibited larger α-Mg grains, and larger β phase 
particles exhibited consistently better corrosion resistance than the HPDC materials, which 
exhibited a finer microstructure. Additionally, the RC materials had a higher fraction of β phase 
particles than the HPDC materials (by a factor of 2-3). Indeed, the suggestions in the literature 
regarding the role of microstructure in general, and β phase particles in particular, for the 
corrosion behavior of Mg-Al alloys, did not help explaining the observations.  
This prompted the question: why do the RC alloys exhibit better corrosion resistance than the 
HPDC alloys, in spite of the fact that the RC alloys have a coarser grain structure and higher 
fraction of β phase particles? To answer this question we investigated the corrosion process, 
dividing it into; (a) the initial stage, where the number of corrosion attacks (corrosion 
aggregates larger > 10 μm) could be counted, and (b) later stages, where a significant corrosion 
attack had occurred. The work was combined with statistical data obtained from the quantitative 
microstructural characterization (presented above and in Papers I-III). This laid the foundation 
for an explanation of the superior corrosion resistance of the RC materials.  
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3.1.2.1.  Initial stages of corrosion    
Early stages of corrosion were investigated after interrupting the exposures after short exposure 
times, e.g., 168 h. At this stage, NaCl particles (see Figs. 3.6 (a) and (c)) could still be observed 
on the sample surfaces. Both quantitative (on an area ~ 2 mm2) (see e.g., Fig. 7 in Paper II) and 
qualitative assessments (see Fig. 3.6) indicated that the faster corrosion of the HPDC alloys in 
comparison with the RC material was mainly linked to the formation of a larger number of 
micro-cells (due to the higher ρN of cathodic sites) in the HPDC alloys compared to the RC 
materials. This can be seen in the SEM micrographs and schematic illustrations provided in Fig. 
3.6. In the initial stage, not only a higher ρN of β particles (see Fig. 3 in Paper II) but also a 
greater ρN of η particles (see Fig. 3.4 (above)) located inside α-Mg grains acted as cathodic 
sites, increasing the relative corrosion rate of the HPDC materials. 
 
Fig. 3.6. BSE-SEM images and illustrations showing why the RC materials corrode slower than the HPDC 
materials in the initial stages of corrosion. Note: CP means corrosion products. (Unpublished). 
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3.1.2.2.  Later stages of corrosion    
Later stages of corrosion were examined by analyzing the morphology of the cross sections of 
alloys using BIB/SEM/EDX. We observed compelling evidence for the barrier effect of the β 
phase during the later stages of corrosion (Fig. 3.7). It was found that the start of the β-phase 
barrier effect can be recognized using mass gain. Thus, the barrier effect sets in where the mass 
gain curves of the RC and HPDC materials deviate from linear to convex after 3 and 6 weeks, 
respectively (Fig. 6 in Paper III). The β phase barrier effect was much more pronounced in the 
RC materials than in the HPDC materials (Fig. 3.7). The barrier effect restricted the advance of 
the corrosion attack and this further improved the corrosion resistance of the RC materials. 
Thus, the results show that the difference in size, morphology and area fraction of the β phase 
particles was a crucial factor behind the superior corrosion resistance of the RC alloys.  
 
Fig. 3.7. SE-SEM images and illustrations showing why the RC materials show better corrosion resistance 
than the HPDC materials in the later stages of corrosion. Note: CP is corrosion products. (Unpublished). 
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In addition to the positive effect of the distribution and size of the micro-constituents on the 
corrosion behavior of RC materials, the results suggest that the lower fraction of casting pores 
also played a role in the superior corrosion resistance of RC materials, especially in the later 
stages of corrosion (see especially Figs. 9 (c) and (d) in Paper IV). A high faction of casting 
pores means a larger exposed surface. Also, it has been reported that a pore may result in the 
development of an auto-catalytic corrosion cell and, consequently, in serious localized 
corrosion (see Paper IV). Keeping in mind that ambient levels of CO2 strongly inhibit the 
corrosion process in Mg alloys (see below, Section 3.3.2), it is predicted that corrosion is 
accelerated inside the casting pores, where CO2 depletion may occur. Note that this (Fig. 3.8) 
resembles the condition in crevices and underneath organic coatings. To conclude, the superior 
corrosion resistance of the RC materials is related to their beneficial microstructures, decreasing 
the rate of corrosion during both initial and later stages of atmospheric corrosion.  
It is worth stressing that although most of our studies were performed under constant RH and 
temperature, corrosion experiments under wet-dry cyclic conditions (ACT II standard), which 
simulate an environment somewhat closer to outdoor applications, indicated the same trends. 
Interestingly, in some cases, an even greater positive effect of casting technique on the rate of 
corrosion was observed under cyclic conditions (Fig. 3.5 (b)). 
 
Fig. 3.8. Morphology of the corroded surface of AM50 exposed to a CO2-free environment in the presence 
of NaCl for 24 h. The pores that were filled with corrosion products after the short exposure. (Unpublished).    
It has already been mentioned that the present results concerning, e.g., the effect of Al alloying 
on corrosion, do not agree with many investigations who have studied Mg-Al alloys-corrosion 
using immersion testing. This discrepancy merits discussion. 
First, it should be noted that atmospheric corrosion differs from corrosion during immersion, 
which was performed in the corrosion studies cited above (this is detailed later, in the Section 
3.1.7). The corrosion barrier effect of the β phase particles, described by Lunder et al. [129], 
was evident in our studies. However, a relationship between the size of the α-Mg grains and the 
fraction, or morphology, of the β phase particles was not observed, as suggested by Song and 
Atrens [130]. Instead, it is suggested that the fraction, morphology and distribution of the β 
particles is influenced by the solidification process (Paper I). Furthermore, it is argued that the 
corrosion performance of Mg-Al alloys is not directly related to the size of the α-Mg grains and 
the fraction and connectivity of β phase particles, as proposed by Song et al. [130]. For example, 
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alloy AZ91 has a finer grain structure and a higher area/volume fraction of β phase particles 
than the alloy AZ31. Also, the β phase particles are more connected in AZ91 than in AZ31. 
Still, it is reported that AZ91 corrodes faster during immersion (cited in the Introduction (Table 
1.8)), than the alloys with lower Al content (e.g., AZ31). It may be noted that the alternative 
formulation of the effect of the β-phase on Mg-Al alloy corrosion by Song and Atrens [125] 
(''the β particles act either as corrosion barrier or active cathodes, depending on their fraction'' 
[125]) is also problematic. Thus, it appears unreasonable to divide the β phase particles into 
small (cathodes) and large (barrier) particles. Instead it is argued that in the early stages of 
corrosion, all β-phase intermetallic particles accelerate corrosion because of their cathodic 
activity (i.e., 2H2O (l) + 2e
-  H2 (g) + 2OH- (aq)), regardless of size. During later stages of 
corrosion, the β phase particles all act as corrosion barriers, but to different extents. In other 
words, during the later stages of corrosion, large and interconnected β phase particles are able 
to act more effectively as barriers than small, dispersed particles. 
Hence, to obtain a more comprehensive and accurate description of the role of the β-phase 
particles on the corrosion behavior of Mg-Al alloys, it is necessary to  know both the number 
density of intermetallic particles and the volume fraction of the β phase particles. To conclude, 
the results presented herein showed that the corrosion resistance of Mg-Al systems is not related 
to the size of the α-Mg grains. Instead, it is related to; (a) the number density of intermetallic 
particles (during initial stages of corrosion), and (b) the fraction/morphology of the intermetallic 
β phase particles giving rise to the β-phase barrier effect during later stages of corrosion. 
Although there has been a lot of research on Mg-Al corrosion during the last two decades, the 
idea of using processing (casting) to generate a more benign microstructure to mitigate 
corrosion appears to be novel. Currently, the only cost-effective solution for enhancing the 
corrosion properties of Mg alloys is by using various coating systems. It should be kept in mind 
that, once the coating is destroyed, the microstructure again becomes decisive for the corrosion 
resistance of the material. Our new findings may enable manufacturers to improve the corrosion 
properties of Mg-Al alloys through casting. It is emphasized that it is necessary to have access 
to quantitative (statistical) knowledge regarding the alloy microstructure in order to achieve 
such corrosion mitigation by rational design. Certainly, the present results imply that the 
corrosion properties can be significantly improved through tailoring the microstructure and that 
it is possible to use the component fabrication step (i.e., casting) to enhance the corrosion 
resistance of the alloys. Our findings also show that this can be achieved in a single production 
step, via controlling the casting/solidification process. It may be noted that this idea is generic 
and may be applicable to other alloy systems. 
3.1.3. The effect of crystallographic orientation  
Predicting and controlling texture in metals has attracted much attention, see the studies on Mg 
alloys in [411-412]. The corrosion rate may be dependent on the orientation of grains [413, 
414]. This is likely linked to surface energy. The surface energy is linked to atomic density (ρ), 
which can be calculated based on the following simple Equation [415]; 
𝜌 =
𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝑛𝑜. 𝑜𝑓 𝑎𝑡𝑜𝑚𝑠 𝑤ℎ𝑜𝑠𝑒 𝑐𝑒𝑛𝑡𝑒𝑟𝑠 𝑎𝑟𝑒 𝑖𝑛𝑡𝑒𝑟𝑠𝑒𝑐𝑡𝑒𝑑 𝑏𝑦 𝑠𝑒𝑙𝑒𝑐𝑡𝑒𝑑 𝑎𝑟𝑒𝑎
𝑆𝑒𝑙𝑒𝑐𝑡𝑒𝑑 𝑎𝑟𝑒𝑎
 Equation (3.1) 
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As mentioned in the Introduction part, Mg has the HCP structure. The lowest index planes, i.e., 
(0001) have a substantially higher atomic density than (hki0) planes. (0001) and (0110) have 
an atomic density of 1.1  1015 and 5.9  1014 atoms/cm, respectively, meaning that the surface 
energy of (0001) planes is higher than that of e.g., (0110) planes. Using EBSD in conjunction 
with in-situ ESEM exposures (see Paper X), we showed that the extent of corrosion attack 
depended on the orientation of grains in commercially pure Mg. This is in line with previous 
results reported in [416]. An exciting future study could be performed (using AES, TEM and 
TEM/EDX) exploring the relationship between the microstructure of the surface film and the 
crystallographic orientation of α-Mg grains in Mg and Mg-Al alloys.  
3.1.4. The effect of environmental factors 
3.1.4.1. Exposure time and NaCl  
Exposure time Our results (see e.g., Figs. 2 and 3 in Paper VI) showed that the mass gain curves 
become convex with time, indicating a deceleration of the corrosion process. In the case of Mg, 
the convex shape in the mass gain curves could be due to either blockage of the anodic and/or 
cathodic sites by corrosion products or to the consumption of NaCl with time. In the case of the 
Mg-Al alloys, deceleration can also be due to the barrier effect of the β phase. It is worth 
restating that the change from the linear to the convex shape of the mass gain curves (see e.g., 
Fig. 6 in Paper III) coincided with the occurrence of the β phase barrier effect, which could be 
observed by analyzing BIB-prepared cross-sections. This suggests that the β phase barrier effect 
may be the main reason behind the deceleration of the corrosion in e.g., alloy AZ91D.  
NaCl As mentioned in Introduction, the corrosivity of NaCl towards Mg alloys under humid 
conditions is well-known, see also e.g., Fig. 3.9. Consequently, the mass gain and metal loss 
values were much greater in the presence of NaCl.  
 
Fig. 3.9. The effect of NaCl on the corrosion of the AM50 (400 ppm CO2, after 840 h at 95% RH).   
3.1.4.2.  The effect of CO2 
The inhibitive effect of CO2 on the atmospheric corrosion of Mg alloys, which was briefly 
mentioned in Introduction, is the topic of one of our papers [43] (not appended to this thesis) 
and is also discussed in Paper II. We have shown that ambient concentrations of CO2 inhibit 
the NaCl-induced atmospheric corrosion of Mg-Al alloys, see Paper II and Fig. 3.10. For 
example, in the case of alloy AM50, exposures in the absence of CO2 resulted in 6-7 times 
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higher corrosion rates than the exposures performed in the presence of 400 ppm CO2. The 
inhibitive effect of CO2 on the atmospheric corrosion of Mg-Al alloys is suggested to be the 
result of the formation of slightly soluble, carbonate-containing corrosion products that provide 
a somewhat protective, electronically insulating layer on the surface (Fig. 3.10). Thus, the layer 
cannot serve as cathode and may also suppress corrosion by blocking the anodic and/or cathodic 
sites. CO2 may also protect against corrosion by stabilizing the alumina component in the film 
by suppressing the formation of high pH values on the surface.  
The effect of CO2 on the corrosion product composition In the absence of CO2, brucite (on 
pure Mg and the Mg-Al alloys) and meixnerite (Mg6Al2(OH)12×4H2O) (on the alloys) were the 
dominant corrosion products. In the presence of CO2, however, three different Mg hydroxy 
carbonates; Mg5(CO3)4(OH)25H2O (dypingite), Mg5(CO3)4(OH)24H2O (hydromagnesite) 
and Mg5(CO3)4(OH)28H2O (unnamed) were detected. These compounds were identified both 
in the corrosion crusts (XRD and EDX in Papers II and VI) and on top of the surface film.  
 
Fig. 3.10. A diagram showing how CO2 decreases the rate of corrosion in Mg and Mg alloys. (Unpublished). 
It is frequently stated in the literature that exposure of Mg and its alloys to ambient air results 
in the formation of normal Mg carbonate (magnesite: MgCO3) and nesquehonite (MgCO3 
3H2O) [143, 144, 417-420]. The presence of magnesite was based on analysis using XPS or 
FTIR. It may be noted that, in contrast to XRD, it is difficult to differentiate between the Mg 
hydroxy carbonates and magnesite using XPS and FTIR. The author could not find a single 
study confirming the formation of magnesite on Mg and Mg alloys using XRD. Furthermore, 
we have never identified MgCO3 on the surface of Mg and Mg-Al alloys using XRD.  
The ternary MgO-CO2-H2O diagram is illustrated in Fig. 3.11 (a), presenting the different 
carbonates and hydroxy carbonates in the system. Figure 3.11 (b) shows the thermodynamically 
stable phases as a function of the partial pressure of CO2 and water vapor. The diagrams show 
that magnesite becomes stable at rather low water partial pressures. Also, Fig. 3.11 shows that 
Mg(OH)2 is stable at low PCO2 and that, under dry conditions, Mg(OH)2 can react with CO2 to 
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form magnesite (Equation 3.2). In atmospheric environments (~ the exposure conditions used 
in this research (see the cross in Fig. 3.11 (b)), where water activity is relatively high, 
hydromagnesite is the stable phase. Thus, the lack of evidence for magnesite (and nesquehonite) 
in the present work is in line with the thermodynamics of the Mg(OH)2-MgCO3 system.  
Note that an alternative reaction for the formation Mg hydroxy carbonates is presented in 
Introduction (Section 1.3.4, Equation 1.21). It is suggested that the latter reaction (Equation 
1.21) is the most likely mechanism for the formation of hydroxylated Mg carbonates as water 
vapor and CO2 are present from the earliest stages of the corrosion process. 
Mg(OH)2(s) + CO2(g) → MgCO3(s) Equation (3.2) 
 
Fig. 3.11. (a) The phase diagram for the MgO-CO2-H2O system, showing the sequence of formation of all 
the hydrated Mg carbonates and hydrated basic Mg carbonates, and (b) a phase diagram for the same system 
in the solid vapor region (at 25ºC), showing the stable phases as a function of the partial pressure of water 
vapor and CO2. Note the cross in Fig. 3.11 (b), which shows where atmospheric corrosion occurs in humid 
air in the presence of ambient levels of CO2. Reproduced based on [421, 422].  
 96 
 
It may be noted that BB-XRD, complemented by FTIR analyses (see e.g., Fig. 5 in Paper VI), 
confirmed the presence of Mg hydroxy carbonates in the corrosion products. Our XPS and AES 
results showed that the Mg hydroxy carbonates are also present in the upper part (5-40 nm) of 
the surface films (see below, Section 3.1.5, and Paper VIII). 
CO2 and corrosion morphology The morphology of corrosion was also affected by CO2. While 
CO2-contaning exposures resulted in a rather uniform corrosion attack, a more serious localized 
corrosion (worm-like corrosion product aggregates) was observed in the CO2-free exposures 
(Fig. 8 in Paper VI and Paper II). To further discuss the effect of CO2, it is useful to present a 
FIB/SEM/EDX analysis performed on AM50 exposed in the presence of CO2 (Fig. 3.12).  
 
Fig. 3.12. A FIB/SEM/EDX analysis of the corrosion products formed at -4ºC. A schematic illustration 
describing the corrosion process is also provided.  
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Figure 3.12 (e) visualizes the morphology of the corroded surface. As seen, shell-like corrosion 
product precipitates covered the surface of the former droplets. Localized corrosion was 
observed beneath the percipitate. Cl- was present in the pits, indicating anodic sites. 
Interestingly, there was a tendency for pits to form in the periphery of the NaCl (aq) droplets 
rather than in the interior (Fig. 3.12 (b)). It is suggested that this is linked to the effect of CO2 
on pH. Thus, the formation of a solid precipitate on the surface of the droplet can restrict the 
avalibility of CO2 in the droplet interior. The acidifying effect of CO2 would thus be stronger 
in the droplet periphery. The correspondingly lower pH would be expected to result in an 
increased rate of dissolution of the MgO/Mg(OH)2 film present on the surface of the α-Mg 
grain. It is; however, cautioned that the observed tendency for pits to form in the droplet 
periphery could also be linked to the role of O2 in the corrosion process (see below).  
3.1.4.3.  The effect of SO2 
Although it has been reported that the rate of corrosion of Mg alloys is higher in SO2-contaning 
industrial atmospheres than in e.g., rural environments, see e.g., [423-425], no study is available 
in the literature on the effect of SO2 on the corrosion of Mg alloys. Using our well-controlled 
laboratory exposures (see the Experimental part), we investigated the role of SO2 in the 
atmospheric corrosion of Mg and Mg alloys (Paper VIII). As expected, the Mg- and Mg alloys- 
atmospheric corrosion was accelerated by traces of SO2 in the air (Fig. 3.13).  
 
Fig. 3.13. The effect of traces of SO2 on the corrosion of Mg alloy AZ91D (RH: 95%, time: 672 hours). 
SO2-induced corrosion and RH The rate of SO2 deposition was strongly dependent on RH. 
Thus, at low RH (< 50%), SO2 deposition on Mg was transient because the surface film became 
saturated by reversibly bound S(IV) species. In contrast, the rate of SO2 deposition was fast and 
irreversible at high RH (95%). At medium RH (60%), the interaction of SO2 with Mg changed 
with time, initially exhibiting a decelerating, transient mode of SO2 deposition and then 
changing to the rapid deposition mode. This ''activation'' of the surface with respect to SO2 was 
inhibited by a thicker surface film, by higher aluminum alloy content, and by the removal of 
ambient O2, indicating that it was caused by the onset of electrochemical corrosion of Mg, part 
of the cathodic current being supplied by O2 reduction. 
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SO2-induced corrosion and corrosion products It was also shown that the SO2-induced 
corrosion of Mg and Mg alloys is electrochemical in nature as there was evidence showing that 
the corrosion attack was localized, see e.g., Fig. 5 in Paper VIII and the FIB/SEM images in 
Fig. 3.14 (a). Using XRD, SEM/EDX, and FTIR techniques, it was shown that Mg sulfite 
(MgSO3×6H2O) was the dominant crystalline corrosion product in SO2 environments. Notably, 
we detected no evidence of sulfate formation on Mg and Mg alloys using XRD and FTIR. The 
formation of sulfates on Mg was expected to occur according the following reactions; 
SO2 + H2O → H+ + HSO3- Equation (3.3) 
HSO3- → SO32- + H+ Equation (3.4) 
SO32- + ½ O2 → SO42- Equation (3.5) 
Mg2+ + SO42- + xH2O→ MgSO4×(xH2O) Equation (3.6) 
 
Fig. 3.14. (a) & (b) The corroded surfaces of AZ91D (48 ppb SO2 after 672 h), and (c) the mechanism 
proposed to explain the corrosion attack in the presence of ppb levels of SO2 and humid air. (Unpublished). 
The lack of evidence for sulfate-containing corrosion products was surprising since exposure 
of metals and alloys to air containing traces of SO2 in most cases (e.g., Al [52], Cu [426], and 
Zn [427]) results in the formation of sulfate (SO4
2-)-containing corrosion products. Thus, the 
question is why sulfate-containing corrosion products were not observed on Mg and its alloys?!  
 99 
 
One possible explanation could be that the oxidation of S(IV) (sulphite and SO2) on the surface 
to the hexavalent (sulfate) is very much slower on Mg than on other metals. Another possible 
explanation is that the sulfate formed on Mg was reduced to sulfite, based on the reaction Mg 
+ SO4
2- → MgO + SO32-. This suggestion is based on the fact that Mg is a strong reducing agent 
as compared to metals like Zn and Al. It is worth mentioning that Samaniego et al. [188] 
recently reported that SO4
2− was reduced to SO2 on the surface of Mg at the open circuit 
potential (∼−1.9 VSCE) as well as under anodic and cathodic polarization. 
3.1.4.4.  Synergetic effect of O3 and NO2 on the SO2-induced corrosion 
The ambient atmosphere contains several constituents that may influence the corrosion process. 
In the case of alloy AZ91D, our results showed that the mass gain and metal loss values in the 
combined SO2 + O3 and SO2 + NO2 environments were higher than for exposures with SO2 
alone by a factor of 4-5, see Table III in Paper VIII. It was suggested that the molecules 
themselves or some reaction product acted as cathodic depolarizers (Equations 6-9 in Paper 
VIII). Consequently, the increased cathodic alkalinity would explain the higher rate of SO2 
deposition, and the higher rate of corrosion in the presence of ozone and NO2. 
3.1.4.5.  The effect of temperature 
As mentioned previously (in Introduction), the effect of temperature on corrosion is of 
particular importance in automotive applications as NaCl-induced atmospheric corrosion 
occurs mainly during the winter, when de-icing salt is present on the roads. Despite its 
importance, the effect of temperature on the corrosion of Mg-Al alloys is still largely 
unexplored. In order to address this important environmental variable, atmospheric corrosion 
exposures were carried out down to sub-zero temperatures under carefully controlled conditions 
using a newly developed experimental facility, see the Materials and Methods section. Note 
that only one study is available in the literature reporting the effect of temperature on the 
atmospheric corrosion behavior of Mg alloys [428], and no study has been performed regarding 
the atmospheric corrosion behavior of Mg and Mg-Al alloys at sub-zero temperatures. The 
influence of temperature on the atmospheric corrosion behavior of Mg alloys is the subject of 
Papers V, VI and VII.  
Most chemical and electrochemical reactions are thermally activated, obeying the Arrhenius 
Law. Thus, an increase in temperature is expected to increase the rate of corrosion. As discussed 
in the Introduction section, while this is often the case for metallic materials, there are 
exceptions. Some examples are presented here to show the complex effect of temperature on 
the atmospheric corrosion of metals;  
(a) Temperature dependence of the atmospheric corrosion of Zn Metal loss measurements 
were carried out after 1000 hours exposure in the presence of NaCl and CO2 (Fig. 3.15). In 
the range 4-22ºC, the rate of corrosion was temperature-independent. Interestingly, 
lowering the temperature from 4 to -2ºC and further to -4ºC had a major effect on Zn 
corrosion, e.g., the corrosion rate at -2ºC was ~ half of that registered at 4, 10 and 22oC. 
The results presented in Fig. 3.15 are part of a paper not appended to the thesis.  
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Fig. 3.15. The effect of temperature on the corrosion of Zn (1000 h). (Unpublished). 
(b) Temperature dependence of the atmospheric corrosion of Mg Interestingly, there was no 
clear temperature dependence of the atmospheric corrosion of Mg, see Fig. 4 (a) in Paper 
VI. Based on the experimental results at hand, the peculiar temperature dependence of Mg-
corrosion cannot be explained and future studies are necessary to clarify this behavior. 
(c) Temperature dependence of the atmospheric corrosion of Al Blücher et al. [61, 291] 
investigated the atmospheric corrosion of Al in the temperature range 4-60ºC and reported 
a very strong, nonlinear, dependence of corrosion both in the absence and presence of CO2. 
Figure 3.16 shows the mass gain data of the RC and HPDC Mg-Al alloys exposed in the 
presence of CO2 at -4, 4 and 22ºC and also three representative SEM images of the corroded 
RC AM50 with 70 µgcm-2 NaCl exposed at the three temperatures. The results showed a strong 
positive temperature dependence of atmospheric corrosion of the alloy AM50 produced by both 
casting technologies, irrespective of the amount of added NaCl and both in the absence and in 
the presence of CO2 (Fig. 3.16) (see also Paper VI). The absence of a clear temperature 
dependence of the corrosion of Mg and the strong temperature dependence of Al-corrosion 
imply that the decrease in the rate of corrosion of Mg-Al alloys with decreasing temperature is 
linked to Al content. In other words, the strong positive temperature dependence of the 
corrosion rate of Mg-Al alloys is suggested to be due to an activated process involving Al. This 
hypothesis initially presented in Paper VI, was later substantiated using high-resolution AES 
analyses (see Paper VII). Below some crucial findings on the effect of temperature on the 
atmospheric corrosion behavior of Mg and Mg-Al alloys are presented.  
Influence of temperature on the corrosion products Using XRD, FTIR (Fig. 5 in Paper VI) 
and XPS (Fig. 1 in Paper VIII), we found that the Mg hydroxy carbonates were absent at -4ºC, 
irrespective of the alloy composition. XRD showed that the only crystalline phase formed at -
4ºC was an unknown corrosion product with reflections at d = 4.58 Å and d = 2.95 Å (Fig. 5 in 
Paper VI). It was concluded that this phase does not contain C, Cl or Al. Based on the AES, 
XRD and FTIR data presented in Papers V, VI and VII, it is suggested that the unknown phase 
formed on the surface of pure Mg and Mg-Al alloys after the exposure at minus temperatures 
could be a low temperature form of; magnesium peroxide (MgO2) or a previously unknown 
form of Mg hydroxide, e.g., Mg(OH)2H2O.  
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Fig. 3.16. (a-c) SEM images of the corroded specimens, and (d) the effect of exposure temperature on the 
corrosion behavior of RC and HPDC AM50 exposed in the presence of 400 ppm CO2 after 840 h (95% RH). 
Note: The standard errors for the RC and HPDC alloys was less than 5 and 12%, respectively. 
3.1.5. The composition of the surface film 
As described earlier, the corrosion of Mg-Al alloys depends on the microstructure (in terms of 
the characteristics of the intermetallic particles, as described above) and, of course, on the 
surface film. As can be seen from Table 1.7 in Introduction, there are some contradictions in 
the literature concerning the composition of the surface films formed on Mg and Mg alloys. For 
example, while most researchers in the field (see e.g., [147, 149]) report the formation of a bi-
layer film (outer Mg(OH)2 and inner MgO) in water/humid air, Brady et al. [153] claim that the 
film formed in water is a thick (10 µm) hydrated MgO-based film. They attributed this 
discrepancy to differences in, e.g., chemical composition of the alloy, grain size, sample 
preparation procedure, and exposure parameters, between their investigation and those reported 
in the literature. Further, while some workers (e.g., [151, 239]) claim that the MgO layer is 
amorphous, others (e.g., [149]), who employed more advanced microscopy techniques (i.e., 
FIB and TEM), report that the thin MgO layer is nano-crystalline. In this thesis, Paper VII (alloy 
AZ91D) deals with this issue. The AES depth profiles (Fig. 3.17) were acquired from a 5 × 5 
µm2 area on α-Mg grains in the alloy AM50 produced using the RC technique.  
As described in Introduction, Mg forms a Cabrera-Mott type MgO film in air, which is only a 
few nanometers thick [139]. Because MgO is relatively soluble in water, the presence of liquid 
water, or a surface water film formed by multilayer adsorption in humid air, causes dissolution 
of the MgO film. Precipitation of Mg(OH)2, which is less soluble than MgO, may occur [429]. 
The resulting film thinning causes oxidation (MgO formation) to start again [140]. In the 
presence of CO2, Mg(OH)2 reacts to form Mg hydroxy carbonates, e.g., hydromagnesite. Hence, 
a corrosion product film formed on Mg in clean humid air may consist of a Mg(OH)2 layer 
sandwiched between a top hydromagnesite layer and a bottom MgO layer.  
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Fig. 3.17. AES depth profiles (at.%) showing the composition of surface films formed on the alloy RC AM50 
as a function of film thickness (400 ppm CO2, 672 hours; (a) 22 and (b) -4 ºC). Note Mg(OH)2 and Mg 
hydroxy carbonate were also detected using GI-XRD. 
After exposure at 22ºC, a very thin C-rich layer was observed on the surface film (containing ~ 
50 at.% C) that was interpreted as surface contamination. The corrosion film consisted of a top 
layer, composed of ~ 60-65% O, 15-20 % C and 20-25% Mg. This layer, denoted 1 in Fig. 3.17 
(a), is considered to consist of Mg hydroxy carbonate. Below this layer, a relatively thick layer 
of Mg(OH)2 was present (denoted 2 in Fig. 3.17 (a)), which was followed by a thin MgO layer 
at the alloy/corrosion film interface (denoted 2 in Fig. 3.17 (a)).  Thus, a multi-layered surface 
film (MgO - Mg(OH)2 - Mg5(CO3)4(OH)24H2O) was formed on α-Mg. Note that the results 
presented here agree well with most of the above-mentioned studies (e.g., [151, 239]). 
However, they are not in agreement with the results of Brady et al. [153], who reported on a 
single-layered oxide film.  
After exposure at -4ºC, the composition of the films differed from those formed at > 0ºC (Fig. 
3.17 (b) (above) and Figs. 3 and 4 in Paper VIII). Note that the thickness of the surface film 
depended on the exposure temperature. Thus, increasing the exposure temperature resulted in 
the formation of a thicker surface film, in line with the gravimetric analyses. Perhaps the starkest 
difference between the composition of the surface films formed at -4 and 22ºC was the absence 
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of Mg hydroxy carbonates at -4ºC (compare Figs. 3.17 (a) and (b)). Similar to the film formed 
at 22ºC, the MgO-rich layer also formed at the alloy/surface film interface at -4ºC. The 
intermediate layer in the film had a chemical composition close to that of Mg hydroxide. 
However, several GI-XRD analyses on Mg and Mg alloys exposed at -4ºC (see e.g., Fig. 5 in 
Paper VI) did not show the presence of any crystalline Mg hydroxide.  
Al in the surface film on Mg-Al alloys Paper VIII describes our findings concerning the role of 
Al in the atmospheric corrosion of Mg-Al alloys. The results presented in Paper VIII and in 
Table 3.3, suggest a previously unrecognized role of Al in the atmospheric corrosion of Mg-Al 
alloys, which is detailed here. The results (Fig. 3.17 (above) and Figs. 3 and 4 in Paper VIII) 
revealed that the thickness of the Mg hydroxy carbonate layer in the surface film formed on 
Mg-Al alloys increased with an increase in the Al content of the substrate, see also Table 3.3.  
It should be added that although the difference in the thickness of the Mg hydroxy carbonate 
layer in the case of α-Mg grains was not significant, we observed consistently (from six AES 
depth profile analyses) thicker Mg hydroxy carbonate layers on the surface of AZ91D than 
AM50. This effect became more pronounced when inspecting the AES results acquired from 
an inter-dendritic region containing a higher Al content (~ 7 wt.%) than that of α-Mg grains (< 
3.5 wt.%). Thus, in the inter-dendritic region, the thickness of the carbonate layer was more 
than 26 nm, making up approximately 50% of the film. This is an important observation as Mg 
hydroxy carbonates are reported to more protective than Mg hydroxide [165]. 
Table 3.3. AES data describing the relationship between the Al content and the thickness/fraction of the Mg 
hydroxy layer. Note to the growth of the C-rich layer with an increase in the Al content (unpublished). 
Alloy AM50 AZ91D  AZ91D  
Location α-Mg  α-Mg Inter-dendritic  
Al content (wt.%) ~ 1.9 ~ 3.8 ~ 7 
Thickness (nm) 9 → 16 →→ 26 
Fraction (%)  10 → 17 →→→→→ 50 
Reference Fig. 3.17a Fig. 3c (Paper VIII) Fig. 4b (Paper VIII) 
We suggested that this effect is linked to the formation of layered double hydroxides (LDHs) 
in the top part of the films. It may be noted that we have reported the formation of one of the 
natural occurring LDHs, meixnerite (Mg6Al2(OH)12×4H2O), as a corrosion product on Mg-Al 
alloys in CO2-free environments [43]. LDHs exhibit a structure consisting of brucite-like layers 
(Fig. 3.18), and, thus, to explain the structure of the LDHs, it is appropriate to recall the crystal 
structure of brucite, where Mg2+ octahedra (6-fold coordinated to OH-) share edges to form 
infinite sheets. These sheets are stacked on top of one other, and are held together by Van der 
Waals forces. In LDHs, when Mg2+ ions are partially substituted with a trivalent ion (e.g., Al3+), 
a positive charge is created in the hydroxy sheet. This net positive charge is compensated for 
by anions (e.g., OH- and CO3
2-) that occupy in the interlayer region between the sheets together 
with water (see Fig. 3.18) [430, 431]. LDHs are presented by the general formula 
[M2+ 1−xM
3+
x(OH)6]
x+ An−x/nmH2O, where M2+is a divalent metal (e.g., Mg2+ and Mn2+), 
M3+ is a trivalent metal (e.g., Al3+), An− is the inter-layer anion (e.g., OH-, CO3
2- and NO3
-) for 
compensating the positive charge in the hydroxide layers. The ratio between M2+ /M3+ falls in 
the range 0.17 ≤ x ≤ 0.33 [430-432].  
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Fig. 3.18. Idealized structure of carbonate-intercalated LDHs with different M2+/M3+ molar ratios showing 
the metal hydroxide octahedra stacked along the crystallographic c-axis, as well as water and anions present 
in the interlayer region. Adapted from [434].  
Recently, it has been reported that meixnerite is a very effective absorbent for CO2 in the 
atmosphere [435]. We believe that the structure of the upper part of the surface film formed on 
Al-containing Mg alloys in humid air is related to the LDHs, and, that the formation of these 
compounds is facilitated by an increase in Al content.   
3.1.6. Corrosion mechanism 
The role of O2 in atmospheric corrosion While the main cathodic reaction for Mg alloys is 
reported to be hydrogen evolution, we believe that oxygen reduction may also play a role in the 
atmospheric corrosion of Mg and Mg-Al alloys. Above, we discussed the possible role of CO2 
for the distribution of pits at the NaCl (aq) droplet periphery in the Mg alloys corrosion. Another 
possibility is that O2 takes part in the corrosion process and is reduced electrochemically 
(½O2(g) + H2O(l) + 2e
-  2OH-(aq)), providing another cathodic process that runs parallel to 
H2O reaction. In such a scenario, the distribution of pits would reflect a gradient in O2 
concentration in the electrolyte. That O2 plays a role in Mg-corrosion is hinted by the 
observation (Fig. 8 (b) in Paper VIII) that SO2 deposition on Mg depended on O2.  
''Chemical'' corrosion of Mg On the basis of the results presented in this thesis, there is ample 
evidence that Mg and Mg alloys corrode electrochemically by hydrogen evolution. This is in 
agreement with the general belief concerning the nature of Mg- and Mg alloys-corrosion. Here, 
an alternative mechanism is provided.   
Working with the oxidation behavior of Zr alloys in water vapor, Lindgren, Panas and 
coworkers [435-437] have recently formulated a model describing the way ''water'' diffuses 
through the oxide layer formed on Zr alloys. Using density functional theory (DFT), which was 
complemented by experimental results, they showed that the grain boundaries of the ZrO2 layer 
become hydroxylated and that hydrogen pickup occurs in the alloy, see Fig. 3.19 and [435, 
436]. Inspired by the said mechanism, the following part describes a working hypothesis for a 
non-electrochemical corrosion process in Mg and Mg alloys. 
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Fig. 3.19. Representative structure for a model of hydroxylated grain boundary ZrO(OH)2 in ZrO2. Oxygen 
is represented as red, Zr as light blue and hydrogen as white. Reproduced based on [435, 437]. 
Cracking, mechanical deformation and spallation were occasionally observed on the surface of 
Mg and Mg alloys after exposures. In one case, cracks (in the metal substrate) and spallation 
could be observed after 168 h exposure. The photographs in Fig. 3.20 (a) and (b) show the 
corrosion morphology of pure Mg. SEM/EDX analysis confirmed the presence of metallic Mg 
particles in the portion of the sample (designated by an arrow in Fig. 3.20 (a)) separated from 
the alloy substrate. Also, rather severe macroscopic deformation of the sample was notable in 
some cases, see e.g., Fig. 3.20 (b). Furthermore, micro-cracks could sometimes be observed in 
the substrate, mostly with random orientation with respect to the alloy surface (Fig. 3.20 (c)). 
On the basis of extensive microstructural studies (Papers I-III), it can be concluded that the 
micro-cracks had formed as a result of the corrosion exposure. It is suggested that the mentioned 
phenomena are linked to an uptake of hydrogen by the alloy. Moreover, it is suggested that the 
hydrogen pick-up is caused by a ''chemical'' corrosion process, meaning that the reaction of 
water with Mg occurs locally, the transfer of charge only occurring between individual atoms 
and molecules (between Mg(OH)2 and Mg metal) and generating no electronic current; 
Mg(s) + H2O(l)  MgO(s) + 2H Equation (3.7) 
Assuming that Mg is covered by an MgO film, the permeability of the film to water (Equations 
3.8 and 3.9) becomes a pre-requisite for reaction 3.7. As mentioned, a recent study has shown 
that the corrosion product layer formed on Mg in humid air partially consists of MgO 
nanocrystals [147]. It is suggested that water reacts with the MgO crystals, forming hydroxide 
in the MgO grain boundaries (Equation 3.10) leading to the formation of a hydrated MgO film;  
O2-(surface) + H2O  2OH-(surface) Equation (3.8) 
O2-(GB) + H2O  2OH-(GB) Equation (3.9) 
MgO(GB)+ H2O(ads) Mg(OH)2(GB)   Equation (3.10) 
The reverse of reaction 3.9 generates H2O at the Mg/MgO interface (Equation 3.11), allowing 
reaction 3.7 to run. Thus, hydroxylation of the grain boundaries in the MgO film (Equation 
3.10), in principle, allows water to permeate the MgO film through grain boundary transport.  
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In other words, water molecules are transported to the metal surface via the MgO film grain 
boundaries. The hydrogen released may dissolve in the metal or form H2 (forming gas 
pores/bubbles) or MgH2 (Equations 3.12 and 3.13), eventually;   
Mg(s) + Mg(OH)2(GB)  2MgO(s) + 2H(alloy) Equation (3.11) 
2H(alloy)   H2(g) Equation (3.12) 
2H(alloy) + Mg  MgH2(s) Equation (3.13) 
It may be noted that a recent study ([155]) detected H in surface films formed on Mg and Mg 
alloys using ToF-SIMS. The formation of a solid solution of hydrogen in the Mg alloy is 
expected to result in a volume expansion. Also, the hydrogen-containing alloy (hydrogen uptake 
by metal) is expected to be brittle, with the combination of volume expansion and brittleness 
explaining the cracks in the alloy substrate. Moreover, it is suggested that the above chemical 
corrosion process can also occur on Mg surfaces and that the proposed mechanism can play a 
role in the ''strange'' electrochemical behavior of Mg, the anodic HE or NDE. However, it 
cautioned that this requires further investigation.  
 
Fig. 3.20. (a) and (b) 99.97% Mg surface after 672 h cyclic exposures and after pickling (CP stands for 
corrosion products), and (c) a FIB/SEM analysis of the corroded surface of the AM50 after 168 h. The 
attention is drawn to: the spallation in Fig. 3.20 (a), mechanical deformation in Fig. 3.20 (b), and the 
formation of cracks in the alloy substrate in Fig.3.20 (c).  
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At low temperatures In our recent ToF-SIMS study (see Paper VII), we showed that; at minus 
temperatures, there was a little evidence for Na+ accumulations at cathodic sites. This clearly 
differed from what occurred at 4 and 22ºC, where almost all the Na+ ions migrated towards the 
cathodic sites and formed Na-rich compounds. This may indicate that electrochemical corrosion 
is less prominent at -4ºC.  
3.1.7. Literature data versus present findings  
The role of Al on the corrosion performance of Mg-Al alloys remains a concern since e.g., there 
is no consistent trend in the studies reporting on the corrosion behavior of Mg-Al alloys. For 
instance, working with model alloys, Liu, Atrens, Song and co-workers [172] have reported 
that the rate of corrosion (in 3% NaCl solution) increased in the order Mg1Al < Mg9Al ~ Mg6Al 
~ Mg2Al < Mg12Al. They concluded ''The decrease in corrosion rate with increasing the Al 
content, (reported by few researchers) appears to be related to a decrease in the Fe impurity 
level with increasing Al content rather than to the Al content itself''. Considering the fact that 
one of the major roles of Al content in Mg alloys is the formation of β phase particles, this 
conclusion seems to be inconsistent with the role of β phase in Mg alloys-corrosion described 
by the same authors; ''the dual effect'' (see Section: 1.4.5).  
In another case, it has been reported that the corrosion rate (in 1 M NaCl) increases in the order 
AZ501< AZ21< AZ91 [164]. Hence, in the latter study, the alloy containing the highest Al 
concentration (9 wt.% Al, AZ91) showed the poorest corrosion resistance. There are many other 
studies using immersion tests in the literature reporting that AZ91 shows poorer corrosion 
resistance than e.g., AZ31 (see Table 1.8 in the Introduction section).  
It must be noted that the results presented in this thesis do not support these trends. Here, we 
showed that the rate of corrosion decreases with an increase in Al content in an environment 
relatively close to real service applications (the reader is encouraged to consult Fig. 2 in Paper 
VII). Lindström et al. [165] studied the atmospheric corrosion of several Mg-Al alloys (at 22ºC 
and 95% RH) and observed a similar effect of Al on the rate of corrosion; AZ91D < AM60 < 
AM20. Jönsson et al. [198], who examined the atmospheric corrosion of Mg-Al alloys, also 
observed a similar trend, i.e., the rate of corrosion decreases with increasing the Al content. 
Field data also confirm this trend, e.g., the corrosion rates of the Mg alloys AZ91 and AZ51 in 
a marine environment have been reported to be 2.8 and 14.5 μm/year, respectively [438, 439]. 
The question that arises here is ''Are immersion tests reliable methods for investigating the 
corrosion behavior of Mg-Al alloys?''. One may question whether immersion in a corrosive 
aqueous solution is relevant for any Mg-Al alloy applications. Although immersion tests can 
provide useful information regarding, e.g., the anodic dissolution of Mg and Mg-Al alloys, they 
may lead to erroneous conclusions if their results are not compared to ''real'' exposure 
environments. It is worth restating that there are important differences between real outdoor 
environments and immersion corrosion conditions. Some of the dissimilarities were pointed out 
in Introduction, and some are detailed below; 
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1. While the corrosion products, e.g., Mg(OH)2, tend to dissolve under immersion 
conditions, they tend to remain on the metal surface under atmospheric corrosion 
conditions. This is one of the reasons the more uniform corrosion attack observed on Mg-
Al alloys in atmospheric environments than in immersion conditions, where the damage 
tends to be quite localized. 
2. The current in a galvanic corrosion cell depends on the resistance in the electrolyte, which 
causes potential drop in the solution (Ohm’s law U = IR). Hence, a low electrolyte 
resistance (immersion in NaCl (aq) solution (unlimited electrolyte)) allows a large 
separation of anodic and cathodic sites. In contrast, a high electrolyte resistance 
(atmospheric corrosion (small amount of water)) decreases the possibility of galvanic 
coupling of the alloy constituents separated by large distance.   
3. Another difference between atmospheric corrosion and the immersion test condition stems 
from the important role played by CO2 and pH in Mg-corrosion. The corrosion resistance 
of Mg and Mg-Al alloys partially depends on pH (as discussed in Introduction). The 
alumina component of the surface film formed on Mg-Al alloys is more stable at a neutral 
pH, (see e.g., Paper VII, [143, 417]). Thus, the role of CO2, and its effect on the electrolyte 
film, is absent under immersion test conditions.   
4. An increase in Al content results in an increase in the thickness of the Mg hydroxy 
carbonate layer at the top part of the film, which was discussed in terms of LDHs. It was 
also stated that Mg hydroxy carbonates exhibit a more protective character than Mg 
hydroxide. It should also be added that LDHs have been employed on metals’ surfaces 
against corrosion, see [440-442]. Here, it can also be argued that LDHs may play a role in 
the observed trend in the atmospheric corrosion rates of Mg-Al alloys (AM20 > AZ31 > 
AM60 > AZ91) (Fig. 2 in Paper VIII). The mentioned phenomenon is expected to be 
absent in immersion test conditions. 
5. While in atmospheric corrosion there are limited amounts of aqueous solution, immersion 
conditions deal with unlimited amounts of electrolyte, i.e., the bulk solutions. The 
thickness of the aqueous electrolyte strongly affects the anodic and cathodic processes. 
This was shown by Rozenfeld [13], already in1972 that, for Al and Mg, the passivity 
region extends with the thickness of the electrolyte film. They attributed this behavior to 
the easy access to oxygen, thus facilitating the formation of the passive and quasi-passive 
surface films on their surfaces. This calls for investigating the role O2 in the corrosion of 
Mg alloys, e.g., the contribution of oxygen to the cathodic processes by studying the Mg-
corrosion in high and low pO2 environments.    
In summation, while the corrosion process in atmospheric environments is associated with 
numerous environmental parameters, the corrosion process under immersion test conditions 
regards the interaction of a bulk electrolyte, mostly NaCl (aq), and Mg surface. This reminds 
a quotation ''Everything should be as simple as it can be, but (really) not simpler'' (Albert 
Einstein) [443]. Perhaps, immersion tests are sometimes ''simpler'' than corrosion testing 
ought to be?!  
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Thus, it is not surprising that the results obtained from atmospheric corrosion exposures differ 
considerably from those obtained under immersion test conditions. Indeed, comparing the 
results of atmospheric exposures with results of immersion tests calls to mind comparing 
apples with pears! 
On the basis of the above discussion, it can be hypothesized that while in immersion test 
conditions Mg alloys-corrosion is (mainly) under cathodic control, the Mg-Al alloys-
atmospheric corrosion also depends on the anodic processes, in which the beneficial roles of 
the Al-rich layer, the thin electrolyte layer, and CO2 become essential. In other words, the 
corrosion process under atmospheric exposure conditions is not solely determined by the 
cathodic activity of intermetallic particles.  
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3.2. Microstructure and corrosion behavior of Mg-based MMCs 
3.2.1.  Microstructure of the Mg alloys-based MMCs 
The results presented above showed that the RC/RheoMetal process has the potential for 
producing Mg-Al alloys with improved corrosion properties. The next step in the research was 
to examine the potential of the semi-solid casting technique for producing Mg-based MMCs. 
This was performed by characterizing the microstructure (Papers XI and XII) and the 
atmospheric corrosion properties (Paper XI) of MMCs reinforced with SiC particles.  
The properties of Mg-based MMCs depend on the interfacial reactions between the alloy and 
the ceramic particles (see Introduction). The strategy for understanding the microstructure, and 
accordingly the corrosion behavior of the MMCs was to, first, study the microstructure of a 
complex Mg alloy-based MMC. The complexity was achieved by employing nano-sized SiC 
particles (denoted AZ91D/SiCS and AM50/SiCS in this thesis) (see Fig. 3.21). In addition, 
surface treatment (oxidation) of the particles was not performed in order to study the interfacial 
reaction in the Mg-SiC system. A more realistic casting experiment was carried out by using 
micron-sized oxidized SiC particles (denoted AZ91D/SiCL and AM50/SiCL in this thesis). Note 
that the size distribution of the SiC reinforcements is provided in Fig. 3 in Paper XI. 
 
Fig. 3.21. SEM (a and b)/EDX (c) analysis of the microstructure of the AZ91D/SiCS. (Unpublished). 
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Figure 3.21 shows a SEM/EDX analysis performed on AZ91/SiCS. Microstructural inspections 
(see also Fig. 5 in Paper XI) showed that SiC clustering was frequent for this type of material. 
Besides, nano-sized SiC particles were heavily involved in the microstructure, e.g., they 
interfered with the formation of continuous β phase particles (see the Al and Si map in Fig. 
3.21). Using SEM/EDX (e.g., Fig. 6 and Table 5 in Paper XI), XRD (e.g., Fig. 7 in Paper XI 
and Fig. 5 in Paper XII), and TEM/EDX/EELS (e.g., Fig. 7 and Table 2 in Paper XII) analyses, 
we found several products of reaction between the matrix and the SiC particles. These included 
C- and O-containing components as well as carbides and silicides (e.g., Al4C3, Mg2Si, 
Al2MgC2, Mg2C3, and MgO) in the microstructure of AZ91D/SiCS. Most of these compounds 
were not detected in the MMC AZ91/SiCL (Fig. 3.22). Among the interfacial reaction products, 
MgH2 (Mg hydride) and one Al-carbide (AlC2) were also identified. Note that the hydride has 
never been reported in the microstructure of Mg-based MMCs and that AlC2 has never ever 
been reported elsewhere. The formation of Al carbides and other components in the MMCs can 
be described as follows (See also [256, 444, 445] and the Introduction section 1.4.4); 
4Al (l) + 3SiC (s) → Al4C3 (s) + 3Si (s) Equation (3.14) 
2SiC (s) +2Al (l) + 5Mg (l) → 2Mg2Si (s) + Al2MgC2 (s) Equation (3.15) 
2Mg (l) + Si (s) ↔ Mg2Si (s) Equation (3.16) 
2SiC (s) + 2Al (l) + 5Mg (l) ↔ 2Mg2Si (s) + Al2MgC2 (s) Equation (3.17) 
4Mg (l) + SiO2 (s) ↔ Mg2Si (s) + 2MgO (s) Equation (3.18) 
We suggested that the hydride was formed due to the presence of water vapor on the surface of 
non-oxidized SiC particles (Paper XI). Regarding the new carbide, it is suggested that AlC2 is 
metastable and may be formed by; 
2SiC (s) + Al (l) + 2Mg (l)  Mg2Si (s) + AlC2 (s) Equation (3.19) 
 
Fig. 3.22. The microstructure of RC AZ91D/SiCL; (a) and (b) fs = 60%, (c) and (d) fs = 40%. 
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We also analyzed the effect of the slurry solid fraction (fs) on the quality, microstructure and 
atmospheric corrosion behavior of AZ91D/SiCL (Fig. 3.22). Note that the SiC clustering was 
mitigated greatly when micron-sized particles were used, compare Figs. 3.21 with 3.22. The 
clustering was completely eliminated when an fs of 40% was used. The reason(s) for the better 
casting quality of the MMCs produced with 40% fraction of solids than the MMCs produced 
with 60% solid fraction is discussed in Paper XI. A better casting quality was expected to be 
achieved when fs was 60% since the stirring time is relatively longer than the case when fs is 
40%. Apparently, this is not true as the materials produced with an fs value of 60%, i.e., a longer 
stirring time, had a comparatively poorer quality, see Fig. 3.17 also Figs. 6 and 9 in Paper XI. 
In Papers XI and XII the microstructure of AZ91D/SiCS and AZ91/SiCL are explained, and, 
thus, will not be detailed here. 
3.2.2.  Corrosion behavior of the Mg-based MMCs 
It was explained in Introduction that while there is a wealth of information in the literature 
concerning the corrosion behavior of Mg alloys, little is known about the corrosion behavior of 
MMCs, which is the topic of Paper XII. Figure 3.23 shows dry mass gain and metal loss versus 
time for the RC AZ91D and AZ91D/SiCS and AZ91/SiCL (fs = 40%) (RH: 95%, NaCl: 50 
µg/cm2, time: 169-1344 h, CO2 concentration: 400 ppm).  
 
Fig. 3.23. Mass gain/metal loss versus exposure time for the MMCs as well as for AZ91D. (Unpublished). 
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Note that mass gain is a convenient way to measure the average corrosion attack if the corrosion 
product composition is known and if the corrosion products remain on the surface. Since the 
composition of the corrosion products was known, we have used mass gain as a function of 
exposure time in several occasions in the papers. Figure 3.23 showed that; (a) MMCs were 
more prone to corrosion than the their monolithic alloy, exhibiting the following order in 
corrosion rates; AZ91D < AZ91/SiCL << AZ91D/SiCS (Fig. 3.23), (b) spallation (falling off) of 
the corrosion products occurred for AZ91D/SiCS (Fig. 3. 23 (a)) (Note: Arrabal et al. [267] also 
reported spallation of corrosion products in the case of Mg-based MMCs reinforced with SiC 
particles), (c) the kinetics of atmospheric corrosion differed quite significantly in the materials 
studied (Fig. 3.23 (b)). Thus, the metal loss-exposure time curves became convex 
(corresponding to slowing of corrosion) later for the MMCs than for RC AZ91D. Of the three 
types of specimens, AZ91D/SiCS needed largest time to change the slope its mass loss curve. 
Based on the information/discussions previously presented in this Chapter (Section: 3.1.2) and 
in Introduction (Section: 1.4.5), it is not difficult to discern the reasons for the poorer corrosion 
resistance of the MMCs compared to their monolithic alloys;   
1. The MMCs contain several types of intermetallic particles. These particles may act as 
cathodes; thereby accelerating the atmospheric corrosion of the MMCs. This would be most 
pronounced in AZ91D/SiCS. 
2. The fraction of casting pores is higher in the MMCs than in the RC alloys, reaching a 
maximum value for AZ91D/SiCS (Fig. 4 in Paper XII). As discussed in the Section 3.1.2, a 
higher fraction of pores results in a higher rate of atmospheric corrosion. 
3. The commercially available SiC particles contain impurities (Fe, Co, Ni), that may cause an 
increase in the rate of corrosion if the overall impurity level exceeds the tolerance limits, as 
defined by Hanawalt et al. [107].  
4. SiC particulates break up the continuity of the  phase particles, which affects the β-phase 
barrier effect in the later stages of corrosion (Figs. 3.16, 3.17 and Fig. 9 in Paper XII). 
Corrosion morphology While the corroded AZ91/SiCL showed a surface morphology similar 
to RC AZ91D, different morphologies were abundant on AZ91D/SiCS (Fig. 3.24). As an 
example, hedgehog-like features were observed. Future research will employ FIB/SEM/EDX 
in order to analyze the cross section of these features to find the reason(s) for the peculiar shape 
of these features. 
     
Fig. 3.24. (a and b) SE-SEM micrographs showing the morphology of corrosion products on AZ91D/SiCS 
(95% RH, 50 µg/cm2NaCl, 840 h, 400 ppm CO2). (Unpublished). 
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Surface film composition AES was performed to study the surface films formed on the MMCs 
after exposure to high humidity air in the absence of NaCl. Note that the results can be compared 
with the results presented in Fig. 3 of Paper VII (the AES depth profiles of α-Mg grains in the 
RC AZ91D). The analyses were performed on two separate α-Mg grains in one specimen (Figs. 
3.25 and 3.26). The grains were designated as Grain 1 and Grain 2 and had a similar size.  
 
Fig. 3.25. AES depth profile (at.%) (area: 5 × 5 µm2) from Grain 1 in AZ91D/SiCS exposed in the absence 
of NaCl (CO2: 400 ppm, time: 672 hours). (Unpublished).  
As in the case of AZ91D, the corrosion film was composed of three layers (MgO/Mg(OH)2/Mg 
hydroxy carbonates) (see Fig. 3.25). A comparison between the film formed on an α-Mg grain 
of RC AZ91D (Fig. 3 in Paper VII) and on the AZ91D/SiCS (Fig. 3.25) showed that the film 
formed on Grain 1 in AZ91D/SiCS was thicker than that formed on RC AZ91D (Fig. 3 in Paper 
VII). Since the exposure conditions and the size of the α-Mg grains in the two materials was 
about the same, the formation of a thicker film formed on Grain 1 was notable.  
Figure 3.26 presents an AES depth profile acquired from the other grain (Grain 2) in the same 
specimen (AZ91D/SiCS). In this case, a sharp increase in the Si and C content in the middle of 
the film suggested that a nano-sized SiC particle was trapped in the surface film. Note that we 
have shown that some particles are entrapped in the middle of α-Mg grains during solidification 
(Paper XI). Considered that the SiC particle had been situated in the α-Mg grain, it can be 
concluded that the film has grown inward. However, this is not very surprising as if there is 
corrosion, the alloy/film interface must recede, which means that particles embedded in the 
alloy substrate will eventually be ended up in the corrosion films/products. 
It may be noted that using TEM, Taheri et al. [446] have also shown that impurity elements 
released from the Mg surface can become embedded in the Mg(OH)2 film. Also, Brady et al. 
[154] observed the segregation of Zn at the metal/film interface on a modified version of Mg 
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alloy AZ31 after 4 h immersion in water containing 1 wt.% NaCl. The latter authors detected 
nano-sized ZnxZry particles in the MgO-rich film formed on an Mg alloy (Mg-1Zn + Nd/Zr) 
after exposure in the same exposure condition/time.  
The SiC-reinforced Mg-Al alloys-based MMCs can be considered to be a more ''complex'' 
system of Mg-Al alloys. Thus, the evidence for entrapment of noble elements and impurities in 
the surface film is of great significance as it has been recently hypothesized by Frankel, Birbilis 
and co-workers (see e.g., [133]) that such a phenomenon is part of the explanation for the anodic 
HE (or NDE). The authors suggested that these impurities increase the cathodic activation of 
the surface films formed on the Mg surface, which could impact on the anodic HE.  
Figure 3.26 also showed that while Mg(OH)2 was present throughout the film, MgO was 
surprisingly absent (no part of the film showed an O/Mg ratio of 1). It suggested that the thin 
MgO layer was not missed in the AES analysis as the sputtering time was decreased at the α-
Mg grain/film interface (see Fig. 3.26). This implies that the MgO layer was either absent or 
very thin. The reason for the absence of an MgO film is yet to be clarified.  
 
Fig. 3.26. AES depth profile (at.%) (area: 5 × 5 µm2) from Grain 2 in AZ91D/SiCS exposed in the absence 
of NaCl (CO2: 400 ppm, time: 672 hours). (Unpublished).  
In all, in this section (and Paper XI) we showed that the RC/RheoMetal process has the ability 
to produce high-quality Mg-based MMCs. Despite the tempting properties of SiC-reinforced 
Mg-based MMCs and the potential of the RC process for producing AZ91D/SiCL, corrosion 
remains an issue. Thus, it is necessary to overcome the present limitations regarding the ability 
to resist corrosion.  
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3.3. Thermal analysis, microstructure and corrosion of welded AA6005-T6 
The scope of this part of the thesis was; (a) to realize the potential of the newly introduced 
variant of FSW, i.e., the BFSW process, for producing welded structures made of light alloys 
(Paper XIII), (b) to examine the capabilities of FSW for producing lightweight construction 
(multi-material design (Al-Mg systems)) (Paper XVII, not appended to the thesis), (c) to 
examine the potential of FSP for producing Al alloys with superior properties (Paper XIII-XVI), 
and (d) to shed more light on the role of intermetallic particle characteristics in the atmospheric 
corrosion behavior of welded/processed Al alloys (Papers XIV and XV). Of these, some of the 
results concerning thermal analyses during FSW/P and the importance of microstructure on the 
atmospheric corrosion behavior of welded Al alloys are discussed below.    
3.3.1. Thermal analysis 
A crucial step in understanding the microstructure, mechanical and corrosion properties of 
welds is to analyze their thermal history (including peak temperature, cooling rate and heat 
input) during the welding process. This is vital as transient temperatures play important roles 
for the resulting microstructure, and accordingly for the properties of weldments.  
There are three main methods/approaches for analyzing the thermal history of FS welds; (a) 
empirical models (mathematical equations) that are reported in the literature, (b) finite element 
modeling (FEM) (heat transfer simulation approaches), and (c), which provides temperature-
time curves, by which peak temperature and cooling rate are determined. Thermocouples can 
accurately describe the temperature transients. However, thermal analysis using thermocouples 
is rather challenging and expensive. Apparently, the aim of developing models (a) and 
simulation approaches (b) is to eliminate the need for experiments (c) that are time-consuming 
and costly. Some of these models and heat transfer simulation approaches were used to obtain 
some information on the thermal history of FSW samples before doing the laborious work of 
analyzing thermal history using thermocouples (direct measurements). 
Scenario 1 (predicting the peak temperatures using temperature models) As described in the 
Materials and Methods section of Papers XIII and XIV, we performed the FSW and BFSW 
processes using two sets of parameters, the fast and slow variants. In the first step, the peak 
temperature of the fast FSW process (using a travel speed (υ) of 1200 mm/min) and the slow 
BFSW process (υ = 500 mm/min) were determined. According to the following Equations, 
proposed by Arbegast and Hartley [447, 448] (Equation 3.20) and Arora et al. [449] (Equation 
3.21), and other heat input models reported in numerous studies (see e.g., [450-453]), it can be 
predicted that the peak temperature of the SZ during FSW increases as the travel speed 
decreases and as the rotational speed increases;   
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Where Tm is the alloy melting point, T is the peak temperature of the SZ, ω is the rotational 
speed, υ is the travel speed and α and K are constants that can vary between 0.04-0.06 and 0.65-
0.75, respectively [447, 448]. In the second Equation Ts is the solidus temperature, Tr is the 
initial temperature, σ8 is the yield stress of the material at a temperature of 0.8Ts, A is the cross 
sectional area of the shoulders, C is the specific heat capacity of the workpiece, λ is the thermal 
conductivity of the workpiece, and η is the ratio in which heat generated at the 
shoulder/workpiece interface is transported between the tool and the workpiece. The heat input 
models show that travel speed has a stronger effect on peak temperature than rotational speed. 
Calculations based on Equation 1 resulted in a T value of ~ 475 and 437ºC for the slow and fast 
FSW specimens, respectively. Equation 2 resulted in an even more pronounced difference 
between the peak temperature in the SZ of the slow and fast FSW samples with T values of ~ 
489 and 424ºC, respectively. Although these values are only rough estimates of the peak 
temperature of the SZ, the results imply that the actual peak temperature in the SZ of the fast (υ 
= 1200 mm/min) weld was lower than that of the slow (υ = 500 mm/min) weld.  
Scenario 2 (determining peak temperatures using numerical simulations) Many workers have 
tried to simulate heat transfer phenomena during FSW [454-459]. Among the many different 
models, FEM has always been the most popular approach. Here, heat transfer in the welding 
section was considered, using a thermo-mechanical arbitrary lagrangian eulerian (ALE) method 
with the aid of ANSYS software (see Fig. 27). FEM based on the ALE formulation and adaptive 
mesh and re-meshing technique was used. The parameters used are listed in Table 3.4. 
              Table 3.4. Some of the data used for calculations of the ALE heat transfer simulation.  
Property/weld parameters Value 
Workpiece material  AA 6065 
Workpiece length (x-direction) 0.25 mm 
Workpiece thickness (z-direction) 10 mm 
Shoulder radius 24 mm 
Pin radius 8 mm 
Pin length  9.8 mm 
Density 2.7 g/cm3 
Axial pressure [458] (PT), Power  6 – 12 kW 
Friction coefficient  0.41-0.28 
Percentage slip (d) 0 – 0.8 
Heat transfer coefficient (from bottom hb) 190 W/m2K 
Heat transfer coefficient (from air hair) 15 W/m2K 
Rotational speed (w)  800, 1200 rpm 
Transverse speed (v) 500, 1000 mm/min 
As described in Introduction, the main heat source in FSW is the friction between the rotating 
tool and the workpieces. While the heat transfer simulation during the FSW of Al and Mg alloys 
is the topic of a future study, a brief description of the model used for the numerical simulation 
using the FEM is given herein. From a conceptual point of view, the heat generation from the 
plastic deformation of the material was not explicitly accounted for as a heat source, as it was 
considered in the model with the use of a variable friction coefficient. The temperature 
distribution was obtained by solving the heat balance Equation [454, 455]; 
ρCp 
𝑑𝜃
𝐷𝑡
 =  . (k θ) + ɤ Equation (3.22) 
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where ρ denotes density, Cp is the heat capacity, θ is the temperature, ɤ is the material velocity, 
and k is the heat conductivity that varies with temperature in the calculations. The workpiece 
(Al alloys) is isotropic, so that the same value of the thermal conductivity was used for all three 
directions. The coordinate system moves over the workpiece along the positive x-axis at a 
velocity of vx. The heat transfer Equation for the workpiece can be expressed as;  
ρc (
∂T
∂t
+ 𝑣𝑥 
∂T
∂x
) = 𝑄 + 𝑘′ [
𝜕2𝑇
𝜕𝑥2
+  
𝜕2𝑇
𝜕𝑦2
+  
𝜕2𝑇
𝜕𝑧2
] 
Equation (3.23) 
A rigid and viscoplastic material was assumed, where the flow stress depends on the 
deformation rate and the temperature. This is represented in the following Equation [457]; 
σ =  
1
α
arg 𝑆ℎ [(
𝑍
𝐴
)
1
𝑛] , 𝑐𝑜𝑛𝑍 =  Ɛ 𝑒𝑥𝑝 (
Q
RT
) 
Equation (3.24) 
where α, Q, A and n are material’s constant, R is the ideal gas constant, σ is the flow stress, Z is 
the rate of deformation and T is the absolute temperature. The heat introduced into the 
workpiece can be transferred by convection, radiation and conduction. On the top surface, 
energy loss occurs by convection and radiation. To take such heat losses into account, heat flux 
from all the surfaces was evaluated using the following Equation (e.g., in the z-direction); 
 
Fig. 3.27. (a) Schematic of the model showing the thermal boundary conditions. Temperature-time contour 
during the transient welding phase for the; (b) fast, and (c) slow welding processes. (Unpublished). 
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-k 
𝜕𝑇
𝜕𝑧
 |𝑡𝑜𝑝 = σ Ɛ (T4 – Ta4) + h (T- Ta) Equation (3.25) 
where σ is the Stefan-Boltzmann constant, Ɛ is the emissivity, Ta is the ambient temperature 
and h is the heat transfer coefficient at the top surface.  
The results of the ALE simulation (Figs. 3.27 (b) and (c)) were quite interesting. In contrast to 
thermal analysis models (Scenario 1), ALE-based simulations showed that the maximum 
temperature in the fast (~ 512ºC) weld was higher than that of the slow weld (~ 486ºC).  On the 
other hand, the transient temperature was distributed in a wider region in the SZ of the slow 
weld than that of the fast weld (see the red arrows in Fig. 3.27). Since the results of the first and 
second evaluations were not consistent, the question remained which one is closer to reality? 
This brought us to the third scenario.    
Scenario 3 (measuring ''real'' peak temperatures using thermocouples) In the next step, the 
accuracy of the data obtained was direct measurements using thermocouples. Figure 3.28 shows 
thermal profiles plotted from the thermocouple data. The measurements showed T values of ~ 
440 and 462ºC for the slow and fast FSW specimens, and, the corresponding values for the slow 
and fast BFSW specimens were ~ 448 and 475ºC, respectively. Hence, the real values were 
close to the results obtained using ALE simulations (i.e., Scenario 2) and the opposite of the 
data obtained from the thermal models proposed in the literature (i.e., Scenario 1). This 
discrepancy between the calculated and the ''real'' values (Scenario 3 versus Scenario 1) implies 
that the widely-used FSW thermal models have some shortcomings.  
 
Fig. 3.28. Thermal profiles of the BFSW and FSW recorded in the AS of the weldments processed with; (a) 
slow variants, (b) fast variants. 
Mishra et al. [460] have provided explanations for the observed differences. They argue that 
the required welding power increases with increasing welding speed. This explains the higher 
Tmax in the samples welded using the fast variants compared to those welded using the slow 
variants. From a thermal analysis standpoint, torque (M), power (P = M ω) and specific energy 
(Es = M ω/v) are measurable quantities that are, often, related to heat input in FSW [461-464]. 
Note that weld power does not play any role in the models presented in Equations 3.15 and 
3.16. Based on the data obtained from the welding machine used in this investigation, weld 
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power was significantly higher in the fast process reaching 11.3 kW, as compared to 6.7 kW in 
the slow process. Consequently, it is reasonable to consider that the actual peak temperature in 
the SZ of the fast (υ = 1200 mm/min) weld was higher than that of the slower (υ = 500 mm/min) 
weld. On the other hand, the heat input values for slow and fast BFSW processes were 798 
J/mm and 561 J/mm, respectively. 
Therefore, the ''slow'' BFSW sample will accumulate more energy during welding, and the 
workpiece material will experience prolonged exposure to elevated temperature as compared 
to the ''fast'' BFSW sample (see the slope of temperature-time curves in Fig. 3.28 and the cooling 
rate values in Table 2 in Paper XIII). One should also remember that the plastic deformation of 
the stirred material in the SZ is more severe in the fast FSW welds than in the slow ones [462, 
463]. It may be noted that power is among the factors in the ALE simulation performed, 
explaining why the simulations data were closer to the data registered by the thermocouples.  
In summary, thermal analyses provided important information regarding the thermal history of 
the BFSW and FSW specimens. The information generated by the thermal analyses greatly 
helped understand the difference in the microstructure, and in the corrosion and mechanical 
response of the weldments, see Paper XIII. Three specific points should be highlighted here; 
(a) while peak temperatures of the FS and BFS welds are below the critical value for the 
dissolution of Fe-rich and Si-rich phases, temperature is high enough to dissolve the hardening 
precipitates, (b) the fast process results in a higher peak temperature but also in a faster cooling 
both in FS and BFS weldments, and (c) thermal histories helped understand the formation of 
relatively large Cu-rich (Q) phase particles in the SZ of the weldments, resulting in the 
occurrence of IGC in the SZ of the FSW specimens.    
3.3.2. Microstructural evolution during FSW/P 
The microstructure of different regions of FSW, BFSW (Papers XIII and XIV) and FSP (Papers 
XV and XVI) specimens was characterized both qualitatively and quantitatively (see e.g., Fig. 
3.29). In the papers, we showed that FSW, BFSW and FSP have a significant impact on the size 
of α-Al grains. In addition, these processes changed the characteristics of the intermetallic 
particles significantly. FSW and its variants (BFSW and FSP) dramatically increased the 
number density and decreased the size of intermetallic particles (see e.g., Fig. 5 in Paper XIV). 
We also showed that FSP is a generic tool for manipulating the microstructure of Al alloys 
(Paper XV). Below, the influence of FSP on the microstructure and the properties of a 6xxx Al 
alloy is described.   
In one of the experiments (Paper XV), we analyzed the effect of multi-pass (100% overlap) 
FSP on the microstructure and corrosion behavior of an extruded AA6005-T6. Multi-pass FSP 
is frequently utilized as a repair procedure if the required weld quality is not reached with the 
first pass; thereby it is important to understand the influence of multi-pass FSP on the service 
performance of Al alloys. Figure 3.29 shows the qualitative and quantitative analyses performed 
to understand the effect of multi-pass FS processing on the macro- and micro-structure of the 
SZs. Figures 3.29 (a-c) reveal cross-sectional overviews of the three FSP samples. Fully 
consolidated processed areas were obtained without imperfections, such as cavities, and lack of 
penetration. Joint line remnant (JLR), also called lazy S or kissing bonds [303, 306], was the 
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only imperfection of the FS processed specimens. JLRs are, indeed, very common in FSW/P 
Al alloy specimens, and cannot be avoided. Figure 3.29 also includes statistical data related to 
the size and number density of intermetallic particles. As seen, the intermetallic particles in the 
HAZs of the specimens exhibited a slightly larger average diameter and similar number density 
compared to those of the BM (Fig. 3.29 (g)). The slight coarsening of the particles in the HAZs 
is in line with the results of [312].  
 
 
Fig. 3.29. (a-c) Cross sections of FSP specimens; (d-f) The influence of the FSP pass on the characteristics 
of intermetallic particles, and (g) statistical data showing the change in the size and number density of 
intermetallic particles in the SZs with increasing number of passes. Note that the HAZ became wider in the 
triple-pass FSP specimen (compare the mid-thickness widths of specimens in Fig. 3.29 (a-c)).  
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Regarding the SZs, the number density of particles increased greatly and particle size decreased 
as compared to the BM and HAZ. Increasing the number of FSP passes further decreased the 
average diameter and increased the number density of second phase particles in the SZ. In the 
following section it will be shown how these differences in the size and number density of 
intermetallic particles affect the corrosion properties of processed Al alloys.  
3.3.3. Corrosion behavior of FSP specimens 
Figure 3.30 (a) shows metal loss versus time curves for all the processed materials and for the 
BM. The data relate to two types of corrosion coupons; entire weld specimens including all the 
processed zones (the HAZ, TMAZ and the SZ: dimensions 25 × 10 × 3 mm3) and specimens 
taken only from the SZs, see Fig. 1 in Paper XIV. In this way, both the local and overall 
corrosion behavior of the FS processed specimens could be examined. Note that there is no 
study in the literature regarding the corrosion behavior of weldments by the approach used here.   
 
Fig. 3.30. (a) Metal loss data for the FSP samples (200 µg/cm2 NaCl, 400 ppm CO2, 95% RH and at 22ºC), 
(b) Local and overall metal losses for the FSP samples after 2400 hours. (Unpublished).  
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When inspecting the corrosion rates of the ''entire weld'' samples (designated as Total S in Paper 
XIV), it was evident that the rate of corrosion was much lower for the single-pass FSP than for 
the triple-pass FSP specimen (Figs. 3.30 (a) and (b)). Initially, the metal loss-time curve was 
linear for all the processed specimens. Notably, the metal loss curve for the triple-pass FSP 
sample became convex after a much longer exposure time than the single-pass FSP specimen. 
The story becomes more interesting when these results are compared with those of the 
specimens that represent only the SZs. The results were the opposite of the ''entire weld'' 
samples. Thus, the SZ of the triple-pass FSP specimen showed significantly lower corrosion 
rate than the single-pass FSP specimen. 
To understand the metal loss data, it is useful to combine the observations of Papers XV and 
XVI, see Figs. 3.31 and 3.32. The quantitative data in Fig. 3.32 were obtained using image 
analysis, see the Materials and Methods sections of Papers XXIV and XV. The results showed 
that while multi-pass FSP significantly decreased the size of intermetallic particles, it had a 
minor effect on the grain size of the SZs. Thus, the average size of particles decreased from 3.8 
(± 0.9) (initial average size) to 0.3 (± 0.05) μm when triple-pass FSP was employed. This can 
also been seen in Fig. 3.29 (g). Notably, corrosion in the HAZ intensified markedly in the triple-
pass FSP specimen (Fig. 7 in Paper XV). In the case of the sample processed by FSP and 
quenched using liquid N2, both the average size of intermetallics and the grain size decreased 
significantly. Interestingly, the corrosion rate was lowest for this sample.        
 
Fig. 3.31. Schematic illustration showing the effect of FSP (air-cooled and quenched) on the microstructure 
(including number density, GS: grain size, and APS: average particle size) and the atmospheric corrosion 
behavior of AA6005-T6 (including CP: corrosion products and CR: corrosion rate). Note: the GS and APS 
values for the processed samples are only for the SZ, while the CR values are for the specimens representing 
the entire processed region (HAZ + TMAZ + SZ). Note the difference in the width of the HAZs. While an 
increase is seen in the width of the HAZ with increasing number of passes (see Figs. 29 (b and c)), the width 
of the HAZ decreases significantly when the specimen was cooled with liquid N2. (Unpublished).  
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Multi-pass FSP specimens In order to explain the effect of multi-pass FSP on the atmospheric 
corrosion behavior of the alloy, it is necessary to analyze the corrosion behavior of the SZ and 
the entire processed area (HAZ + TMAZ + SZ) separately. Regarding the SZs, it is suggested 
that the size of the intermetallic particles played a vital role in the atmospheric corrosion 
behavior of the multi-pass FSP. This is because FSP does not affect the size of grains in the SZ. 
Interestingly, the number density of particles did not play a role for the corrosion behavior of 
the specimens. As discussed in Introduction and in Paper XV, while the role of the chemical 
composition of intermetallic particles for cathodic activity is well-documented (see e.g., Birbilis 
et al. [300]), little is known regarding the influence of the size of the intermetallics on their 
cathodic activity in Al alloys. In this regard, Dorin et al. [465], who studied the influence of 
cooling rate on microstructure and the corrosion properties of Al-Fe alloys, reported that rapid 
solidification enhanced the corrosion behavior of the alloys. The reduction in the size of the Fe-
containing intermetallics in the microstructure of the rapidly cooled specimens was mentioned 
as one the reasons for the better corrosion behavior of the quenched Al alloys. Park et al. [466] 
studied the effect of cathodically active intermetallic particles on pit initiation on an AA6061-
T6. Their findings show that the extent of the Al host matrix dissolution around intermetallic 
particles is, at first, independent of size, while it becomes dependent on particles’ size during 
later stages of corrosion. This leads to large pits around large particles. The observations of the 
later study may explain why the very high number density of small particles in the SZ of the 
triple-pass FSP specimen did not increase the rate of atmospheric corrosion (see Figs. 7 (a) and 
(d) in Paper XV).  
 
Fig. 3.32. Grain size, average particle size and corrosion rates for FSP samples cooled at room temperature 
(1-pass, 2-pass and 3-pass) and quenched using liquid N2 (quenched). (Unpublished). 
Regarding the corrosion behavior of the entire processed regions, the results are interpreted in 
terms of general interactions between the different regions in the FSW/P specimens, 
corresponding to the occurrence of macro-galvanic corrosion in the weldments. In this situation, 
the SZs acted as cathodes and the HAZs were anodes in the Al alloy weldments. This becomes 
increasingly clear when reviewing the results presented in Fig. 3.30 (b). The results also show 
that such interactions become more pronounced when the particles in the SZ are finer. This is 
the reason for the extensive corrosion of the HAZ of the triple-pass FSP (see Fig. 3.31 and Fig. 
7 in XV). These effects are detailed in Papers XIV and XV.  
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FSP with liquid N2 quenching This is the topic of Paper XVI. It was shown that quenching 
significantly improves both the corrosion behavior and the mechanical properties of the FSP 
specimens. The YS and UTS of the SZs were determined to be 164 ± 11 and 246 ± 5 MPa for 
the air-cooled sample and 432 ± 2, 517 ± 12 MPa for the quenched specimens, respectively.  
The quenched specimens exhibited the finest microstructure in the SZ among all the processed 
specimens. These specimens corroded much less than the air-cooled specimens (the single-, 
double- and triple-pass FSP) and also exhibited the finest intermetallic particles in their SZs. It 
was rather surprising as it was not consistent with the above-mentioned mechanism, in which 
the rate of the atmospheric corrosion of the ''entire weld'' specimens increases with decreasing 
size of the intermetallic particles in the SZ. While it is difficult to explain the superior corrosion 
resistance of the quenched specimens using the experimental data at hand, some suggestions 
are provided here. First, one has to note that the HAZ was much narrower in the quenched 
specimens. Bearing in mind that the HAZ is responsible for much of the metal loss in the FSW/P 
specimens, any reduction in the width of the HAZ is expected to lower the rate of corrosion. It 
was also shown in Paper XVI that the SZ of the quenched specimen was covered with a thicker 
alumina layer than the air-cooled specimen, which could be attributed to its nano-sized 
microstructure.  
3.3.4. The effect of corrosion on mechanical properties 
Defects are detrimental to the properties of weldments. The welds produced in this work were 
completely consolidated, and, thus, the typical FSW/P defects (e.g., lack of penetration, cavity 
or groove-like defects), which are commonly reported in the literature, were absent. As 
mentioned, there is one type of defect that cannot be avoided when performing FSW/P on Al 
alloys, the JLRs (see Figs. 3.29 (a)-(c)). This defect forms semi-continuous bands from the top 
to the bottom of the SZs. An attempt was made to shed light on their effects on the overall 
properties of FSW weldments, see the strategy in Fig. 3.33.  
It may be noted that while several reports (see e.g., [467, 468]) show that JLRs are not harmful 
to the mechanical properties of FSW Al alloys, some studies (see e.g., [469, 470]), claim that 
they play a role in the mechanical response of the specimens. Reports concerning the corrosion 
behavior of JLRs are scarce. Here, the effect of JLRs on the performance of the weldments was 
evaluated by examining the loss of mechanical properties of the weldments after 100 hours 
atmospheric corrosion exposure. Six small tensile specimens were produced from a FSW 
weldment. Of these, three were exposed (95% RH, NaCl and 400 ppm CO2). After the exposure, 
localized corrosion was observed at the JLRs. A comparison of the corrosion morphology of 
the JLRs and the surrounding areas showed that corrosion was more severe at the JLRs (see 
Fig. 3.33 (d)). Possible causes behind the increased vulnerability of the JLRs to corrosion are 
provided in Paper XIV. After completion of the exposures, tensile tests were performed on the 
six specimens (three exposed and three un-exposed). Surprisingly, all the exposed specimens 
fractured from their SZs, while the un-exposed specimens fractured in the HAZs, showing the 
characteristics of healthy weldments. In addition, the strength of the exposed specimens 
decreased by ~ 40 MPa.  
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Fig. 3.33. (a) A cross sectional view, (b) a higher-mag OM image, (c) the location of the tensile specimen 
(prepared using electrical discharge machining), (d) the corrosion morphology at JLRs. Analysis after the 
tensile experiment; fracture surfaces of (e) unexposed, and (f) exposed specimen. (Unpublished).   
Analyzing the morphology of the fracture surfaces (Figs. 3.33 (e) and (f)) indicated that crack 
initiation and propagation, and accordingly, tensile fracture occurred in the JLRs. Thus, it was 
found that JLRs not only corrode faster but also have a strong impact on the mechanical 
properties of FSW weldments, when exposed to corrosion. 
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3.3.5. Dissimilar FSW of Al and Mg (A happy marriage!)    
The happiest marriage I can picture or imagine to myself would be the union of a deaf man (Al!) to 
a blind woman (Mg!) Samuel Taylor Coleridge (October 1772 - July 1834) an English poet 
As mentioned in Introduction, FSW is used as a joining tool for a wide variety of welding 
configurations (including both similar and dissimilar joints) required for designing future 
functional lightweight constructions. In the last part of the thesis, some of the results of our 
latest paper (not appended to the thesis) on the effect of cooling rate on the performance of 
Al/Mg joints is presented. The introduction mentions that the formation of intermetallic 
compound layers (IMCs) is an important obstacle for the use of dissimilar Al/Mg joints. The 
work performed by Robson et al. [337], which was discussed in Introduction, presents a model 
for predicting the formation of IMC layers. Their results show that the initial microbonds (the 
nuclei) formation and IMC nucleation occur early in the process, typically at < 0.5 sec. Once 
nucleated at individual microbonds, IMC islands grow by thickening under interface control, 
the process being complete at < 1 sec. Once neighboring islands impinge, further thickening 
requires diffusion through the IMC, which is relatively slow. Thus, modelling must include a 
probability function for the number of nuclei, the critical radius of the nuclei, growth velocity, 
the thermodynamic driving force for growth, and a function that can describe the boundary 
mobility of the IMCs. Figure 3.34 shows the strategy used to predict the formation (from 
nucleation to growth) of IMCs in dissimilar AA6005/Mg alloy AM50 joints.   
The approach used here was based on the assumption that the plastic deformation induced by 
the tool does not reduce the volume fraction of the IMC layers, but fragments them (especially 
the γ phase Al3Mg2) into smaller particles/layers. This is illustrated in Fig. 1.17 (b) 
(Introduction). Modelling was performed using two thermodynamic software packages; 
MatCalc and the MATLAB partial differential Equation solver. 
 
Fig. 3.34. Modeling strategy for predicting the thickness of IMC layers in Al/Mg joints. (Unpublished). 
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We employed a number of Equations to take all the mentioned factors into account (Table 3.5). 
Once a nucleus is formed, it occupies a certain volume in the weld, which in turn yields a zero 
event probability for the formation of additional nuclei within the same volume [471-473]. The 
stochastic nucleation process can thus be approximated by a Poisson distribution (Equation 
3.26) [474]. The critical radius (r*) for the nucleation of intermetallic particles was considered 
here based on Equation 3.27. Note that the driving force (ΔGn) depends on temperature and was 
calculated using the software. The growth rates and the driving force for growth were calculated 
using Equations 3.28 and 3.29. The boundary mobility of the intermetallic compounds was 
determined using Equation 3.30 [337, 475]. A novel approach was used to calculate the number 
of nuclei formed per unit volume during FSW, see our paper [476]. 
        Table 3.5. Equations used for modeling. Note Equation 3.28-3.30 are based on [337, 472, 475, 476]. 
Variables Equations  
Probability for nucleation Pn = 1- exp  [− ( 𝐽 . 𝜗 . ∆𝑡) ] Equation 3.26 
Critical radius r* = -2 σIMC / ΔGn  Equation 3.27 
Growth velocity dr / dt = MΔGg Equation 3.28 
Driving force for growth 𝛥Gg = RgT log 𝐶𝑖𝑓/𝐶𝑒𝑞 Equation 3.29 
Boundary mobility M = 𝑏 𝑣𝑗 /𝑅𝑇 exp (−𝑄𝑖𝑓)/𝑅𝑇 Equation 3.30 
                   Nomenclature 
Pn Probability for nuclei formation  
J Nucleation rate, can be calculated by [472] 
𝜗 Volume of a nucleus 
∆𝑡 Considered time interval 
r* Critical radius 
σIMC The interfacial energy 
∆Gn The driving force 
M The interface mobility 
ΔGg The driving force for growth, 
Rg  The general gas constant 
𝐶𝑖𝑓 The concentration of solute at the interface 
𝐶𝑒𝑞 The equilibrium solute concentration 
𝑏 The jump distance 
𝑣𝑗 Jump frequency 
𝑇 Temperature 
𝑄𝑖𝑓 The activation energy for transfer of solute  
Figure 3.35 illustrates the outputs of the modelling as well as the data obtained from the 
experiments related to the thickness of the γ phase (Al3Mg2) in the SZ of the dissimilar 
weldments. In general, a comparison between modelling and experimental data showed 
reasonable agreement, indicating that the model used was appropriate.  
The findings showed that the thickness of the IMC layer strongly depended on cooling rate. 
Thus, performing a ''slow'' FSW (slow transverse speed and fast rotational speed) resulted in 
the thickest IMC layer, while the use of a coolant (water spraying in this case) led to a much 
thinner IMC layer. The tensile test results are also included in Fig. 3.35. The improvement in 
the tensile properties of the weldments with increasing cooling rate was related to the formation 
a thinner IMC layer at the SZ of the joint in these specimens.  
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At the time of writing of this thesis, dissimilar Al/Mg welds produced at the three cooling rates 
are being exposed in the corrosion chambers. The results of the corrosion studies of the Al/Mg 
joints will be the subject of a future paper. 
 
Fig. 3.35. The effect of cooling rate on the thickness of the IMC layer in the FSW specimens; (a) modelling 
data, (b) experimental data, and (c) tensile test results. Note the green arrow in Fig. 3.35 (a) which shows 
the decrease in the thickness of the IMC with increasing rate of cooling. (Unpublished). 
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4. CONCLUSIONS 
This thesis illustrated the crucial role of microstructure in the atmospheric corrosion behavior 
of Mg-Al alloys, Mg alloy-based MMCs, and FSW/FSP/BFSW Al alloys.  
Magnesium-aluminum (Mg-Al) alloys The microstructure and atmospheric corrosion behavior 
of several Mg-Al alloys were studied. We also provided a mechanistic analysis of the effects of 
several atmospheric variables (including NaCl, CO2, SO2, O3, NO2, RH, and temperature) on the 
corrosion behavior of Mg-Al alloys. 
Microstructural characterization A wide range of analytical techniques and statistical 
approaches were used to reveal the differences in the microstructure of two Mg-Al alloys 
(AM50 and AZ91D) in the RC and HPDC states. Thus, compared to the HPDC materials the 
RC materials showed; (a) coarser α-Mg grains, (b) a higher concentration of Al in the middle 
of the α-Mg grains, (c) a lower fraction of inter-dendritic regions, (d) a higher fraction of β-
phase particles, (e) larger more interconnected β particles, (f) a lower number density of β- and 
η- phase particles, and (g) a lower fraction of casting pores. In some cases, the distribution of 
intermetallic particles was quantified. Thus, while the η phase particles tended to be embedded 
in the β phase in the RC materials, they were mainly situated in α-Mg in the HPDC materials. 
Many of these results rely on the quantitative analysis of the microstructure and would not have 
been accessible using only qualitative assessments, e.g., OM, SEM, EBSD and XRD.  
The role of microstructure in corrosion Carefully controlled laboratory exposures at constant 
temperature and RH revealed that the RC materials (AM50 and AZ91D) showed consistently, 
and in some case considerably, better corrosion resistance than the same alloys in the HPDC 
state. To further examine the robustness of this promising outcome, the RC and HPDC alloys 
were also exposed in cyclic conditions, by which the mentioned results were substantiated. The 
superior corrosion resistance of the RC materials was explained in terms of the differences in 
alloy microstructure, based on a systematic characterization of the micro-constituents at macro, 
micro and nanoscales. It was proposed that the number density of intermetallic particles plays 
a decisive role in the initial stages of atmospheric corrosion. In the RC materials, during later 
stages of corrosion when the -phase at the surface has been corroded, much of the remaining 
alloy surface consists of β-phase. This created a corrosion barrier effect, partly because micro-
galvanic corrosion was minimized. The rate of corrosion decreased with an increase in Al 
content, in contrast to several studies on the corrosion behavior of Mg alloys during immersion 
in aqueous solutions in the literature.  
A suggestion for a ''chemical'' mechanism of corrosion for Mg and Mg-Al alloys was also 
presented. It included the penetration of water through the MgO surface film in the form of 
hydroxide, via the MgO grain boundaries. When it reaches the substrate, water reacts with Mg 
forming new MgO and releasing hydrogen.   
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The role of environment The atmospheric corrosion of Mg-Al alloys exhibited a strong positive 
correlation with temperature. It was suggested that the temperature dependence was linked to 
the chloride-assisted breakdown of an Al3+- rich layer, which was detected in the bottom part 
of the surface film. Exposure of Mg-Al alloys to NaCl in humid air in the absence of CO2 
resulted in the formation of Mg(OH)2 and meixnerite (Mg6Al2(OH)18×4.5H2O), which is a 
layered double hydroxide (LDH). In contrast, Mg hydroxy carbonates were the dominant 
corrosion products in the presence of CO2. Ambient levels of CO2 strongly inhibited corrosion. 
This effect was attributed to neutralization of the catholyte by CO2, stabilizing the alumina 
component in the film, and to the formation the Mg hydroxy carbonates that block anodic and 
cathodic sites. In contrast, ppb levels of SO2 significantly accelerated the atmospheric corrosion 
of Mg and the alloys. In this case, magnesium sulfite (MgSO3×6H2O) was the dominant 
corrosion product. Traces of NO2 and O3 increased the SO2-deposition, and accordingly the rate 
of corrosion. It is expected that the findings presented of this thesis can contribute interpreting 
the corrosion behavior of Mg alloys in different climates. 
Utilization of analytical techniques Two analytical techniques, namely environmental scanning 
electron microscope (ESEM) and time-of-flight secondary ion mass spectrometry (ToF-SIMS), 
which have been little used in this field, have been employed in the thesis research. The work 
generated new knowledge regarding the capabilities of these techniques for investigating the 
atmospheric corrosion of metallic materials.  
Mg alloy-based MMCs The unique capability of the RC techniques for producing RC alloys 
with superior properties suggested an exciting pathway to produce high-quality Mg alloys-
based MMC by this semi-solid casting technique. The quality, microstructure and atmospheric 
corrosion behavior of the MMCs were also analyzed systematically.  
MMCs’ quality Statistical analyses (using the quadrant technique, the NND, the Poisson and 
the negative binomial distribution functions) showed that the quality of the MMCs could be 
improved, if the right set of parameters were used. Thus, in one case (micron-sized particles 
and a solid fraction of 40%), the fraction of pores became as low as in their monolithic alloy. 
The results generated in the thesis are expected to aid in the design of new Mg-based MMCs. 
Microstructural characterization The microstructure of the MMCs was studied and the 
products of the interfacial reactions were identified. The reaction products included a hitherto 
unknown Al carbide (AlC2) and MgH2. The latter phase is known but has never been reported 
in the microstructure of MMCs. In addition, several other carbides, oxides and silicides were 
identified. The β particles became less continuous when nano-sized SiC particles were used.  
Atmospheric corrosion behavior The MMCs corroded faster than the monolithic alloy. This 
was because of; (a) a higher fraction of casting pores, (b) the formation of various reaction 
products, and (c) the effect of SiC particles on the morphology and distribution of β phase 
particles. However, corrosion could be mitigated by selecting appropriate process parameters. 
We also analyzed the surface film formed on the MMCs using high-resolution AES. 
Interestingly, it was shown entrapment of nano-sized ceramic particles inside the surface film.  
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Friction Stir Welded Al The microstructure and corrosion behavior of an Al alloy (family 6000 or 
6xxx), which was welded/processed using friction stir welding (FSW) and its variants bobbin 
friction stir welding (BFSW) and friction stir processing (FSP) was investigated.  
Thermal history of the weldments The thermal history of the specimens was investigated in 
detail using several approaches. It was found that the thermal models, which are frequently used 
in the literature, have shortcomings. However, the FEM simulation results were promising, 
showing a good agreement with thermocouple measurements.  
Microstructural characterization The micro-constituents were quantified across the 
processed/welded samples using image processing. The size of α-Al grains was studied using 
EBSD. FSW/P decreased the size and increased the number density of intermetallic particles. 
The formation of the Cu-rich Q phase in the stir zones (SZs) was studied by TEM/EDX. Large 
Q phase particles were formed in the SZs of the FSW/BFSW specimens when slow welding 
speeds and fast rotational speeds were employed. This was attributed to the slower cooling 
during the welding as compared to the weldments fabricated by fast variants. 
Atmospheric corrosion behavior The atmospheric corrosion of the processed/welded Al alloy 
was studied by analyzing the depth and number density of pits, gravimetry and also the loss of 
mechanical properties. We observed macro-galvanic corrosion in the weldments, the SZs acting 
as cathode towards the HAZs, which suffered severe corrosion. We demonstrated that such 
interaction depends on the size of intermetallic particles in the SZ of the welded/processed 
specimens, multi-pass FSP, which resulted in refining the microstructure of the SZs, leading to 
a rapid increase in the rate of atmospheric corrosion of welded Al profiles.  
As last words, the research presented in this thesis benefited from various types of statistical 
analyses and analytical techniques. This enabled us to characterize materials microstructure 
both quantitatively and qualitatively at different length units from millimeters to nanometers. 
This was found to be a very promising step towards a better understanding of the effect of 
microstructure on the corrosion properties of metallic materials. 
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5. OUTLOOK 
While the work presented in this thesis has provided new knowledge on the corrosion of the 
alloys studied, it also raises new issues to be addressed by future research.  
One of the main achievements of this thesis was the elucidation of how the corrosion of 
commercial Mg-Al alloys can be improved by mitigating the alloy microstructure by applying 
a Semi-Solid casting procedure (Rheocasting). I consider that the work presented in this thesis 
is a starting point for more research in this area. Indeed, I believe that further work in this field 
can be very fruitful, both scientifically and from an applications point of view. 
Much more research still needs to be done to provide an in-depth understanding of the 
microstructure of cast Mg-Al alloys. For example, it was shown that the lateral distribution of 
η particles strongly depends on the casting technique. Although the distribution of η particles 
was partly responsible for the superior corrosion resistance of the RC materials, we did not 
explore the relationship between casting parameters and the characteristics of the η particles. 
Thus, we are still lacking quantitative relationships between the casting parameters and the 
characteristics of the microstructural constituents. Thus, to solve the corrosion issue of Mg-Al 
alloys in a rational way rather than discovering such beneficial effects of microstructure/ 
fabrication by chance as with the RC technique, it is necessary to have more detailed knowledge 
on the role of the different casting parameters on microstructural components.  
Advanced analytical techniques should be used to learn more about the field. Thus, I believe 
that it would be very useful to utilize/combine state-of-the-art analytical techniques and 
modeling calculations, e.g., nano-SIMS, DFT calculations, and high-resolution TEM in 
upcoming studies.   
So far, SIMS has seldom been used to study the chemistry of corroded surfaces. However, the 
as shown in Paper IX, SIMS can be used to great advantage to study the distribution of cationic 
and anionic Mg and Al species in the surface film formed on Mg and Mg-Al alloys. Using the 
superior capabilities of SIMS (e.g., its lateral resolution), it will be exciting to identify tell-tale 
species such as AlCl-containing ions with a very high spatial resolution and mass resolution. It 
is suggested that modeling by DFT calculations can be used to probe the role of chloride in 
promoting the breakdown of the surface film on Mg-Al alloys.  
In studying the effect of microstructure on corrosion, the ''chemical'' corrosion of Mg by H2O 
and the role of O2 as a cathodic depolarizer should be addressed, e.g., using nano-SIMS analyses 
(A new instrument, which will soon be available at Chalmers) and DFT calculations 
complemented with TEM analyses. When combining such advanced analytical techniques, the 
answers to several unsolved questions may be obtained. For example, considering the cathodic 
activity of intermetallic η particles, we believe that the cathodic activity may vary according to 
whether Mn enters the surface film or not and the chemical state of Mn. Thus a surface MgO-
based film doped with Mn3+ and Mn4+ can be expected to be electronically conductive and 
cathodically active.  
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The role of O2 in Mg-corrosion in humid conditions can be investigated by exposing Mg in 
synthetic environments and measuring the corrosion rate. Also, nano-SIMS measurements on 
samples exposed to isotopically labelled O2
1818 and H2O
18 may further elucidate the issue. Also, 
it would also be interesting to investigate the role of other oxidants, i.e., NO2 and O3, on Mg 
corrosion. The research can be complemented by DFT calculations on the interaction of O2, O3 
and NO2 with MgO Mg(OH)2 and Mg or on synergy effects when oxidizing Mg with water, 
i.e., by adding small amounts of O2 or NO2, whereby the intervening MgO and Mg(OH)2 layers 
become bypassed.  
In this thesis ESEM was used to study the initial stages of corrosion, and it was reported that 
the problems associated with the e-beam can be mitigated. It is interesting to continue along 
that path and investigate the early corrosion behavior of Mg-Al alloys in the presence of NaCl 
and the effect of added synthetic cathodic surfaces. Because the ESEM experimental set-up 
allows for the control not only of temperature and pH2O, but also enables the addition of other 
gases up to a total pressure of about 10 mbar, the further investigation of the corrosion inhibitive 
effect of CO2 and the role of O2 and other potential oxidants would be promising.  
Extensive research is also required to understand the corrosion metallurgy of Mg alloys-based 
MMCs. Such efforts should be directed towards the protective character of the surface films, 
optimum casting parameters, and optimum volume fraction and surface treatment of the 
ceramic particles.  As shown, SiC particles break to connectivity of the β-phase particles, which 
may have an impact on the corrosion resistance of the materials. This problem may be mitigated 
by optimization of the manufacturing process parameters. In addition, it would be very 
interesting to find the role played by impurities in MMC-corrosion. This can be done by 
studying the corrosion behavior of MMCs reinforced with ultra-pure SiC particles. A 
comparison between the corrosion behavior of these materials and that of produced by 
commercially available MMCs will help elucidate the role of the impurities introduced by the 
commercially available SiC particles.  
Regarding the Al alloys weldments produced using the FSW/FSP/BFSW, we presented 
compelling evidence for macro-galvanic corrosion occurring between the weld zone (i.e., stir 
zone (SZ)) and the heat affected zone (HAZ). We also reported that this was amplified by the 
reduction in the size of the intermetallic particles in the former region. Local electrochemical 
measurements using a microcapillary electrochemical cells may yield a better understanding of 
such interactions in the Al alloy weldments. The role of the size of Fe- and Si-rich particles’ on 
their cathodic activity, and accordingly on the overall corrosion behavior of Al alloys could 
also be elucidated by means of electrochemical measurements, utilizing scanning kelvin probe 
force microscopy (SKPFM), and pH micro-sensors that can be incorporated into a 
microcapillary cell to monitor pH changes simultaneously with electrochemical measurements. 
 
 
 
 137 
 
 References 
  
1. National Research Council (NRC), Advancing the Science of Climate Change. Link to EPA's External Link 
Disclaimer National Research Council. Washington DC, USA (2010). 
2. Fourth Climate Action Report to the UN Framework, Convention on Climate Change: Projected 
Greenhouse Gas Emissions. U.S. Department of State, Washington DC, USA (2007). 
3. Can be found in: http://en.wikipedia.org/wiki/Attribution_of_recent_climate_change. 
4. K.U. Kainer, Magnesium alloys and technologies, Wiley-VCH, DGM, Germany (2003). 
5. D. Zenkert, M. Kaufmann, The cost of weight – and how that affects the design, Swerea SICOMP, Sweden 
(2010). 
6. Can be found in: www.lighterarena.com. 
7. Can be found in: https://en.wikipedia.org/wiki/Materials_science. 
8. W.W. Kirk, Atmospheric Corrosion, American Society for Testing and Materials (ASTM) International 
(1995). 
9. P.A. Schweitzer, Atmospheric Corrosion, Atmospheric Degradation and Corrosion Control, CRC Press 
(1999).  
10. C. Leygraf, T. Graedel, Atmospheric Corrosion, Electrochemical Society Series, Wiley-VCH (2000). 
11. D.B. Blücher, Carbon Dioxide: The unknown factor in the atmospheric corrosion of light metals. A 
laboratory study, Ph.D. dissertation, Chalmers University of Technology, Gothenburg, Sweden (2005). 
12. R. Holm, E. Mattsson, Atmospheric corrosion tests of copper and copper alloys in Sweden - 16-year results, 
Atmospheric Corrosion of Metals, ASTM STP 767, American Society for Testing and Materials, (1982) 85-
105. 
13. I. L. Rozenfeld, Atmospheric Corrosion of Metals, National Association of Corrosion Engineers, Houston, 
USA (1972). 
14. T.E. Graedel, Corrosion-related aspects of the chemistry and frequency of occurrence of precipitation, 
Journal of the Electrochemical Society (1986) 2476-2482. 
15. C. Vargel, M. Jacques, M.P. Schmidt, Corrosion of Aluminum, Elsevier (2004). 
16. M. Stratmann, H. Streckel, On the atmospheric corrosion of metals which are covered with thin electrolyte 
layers 1. Verification of the experimental-technique, Corrosion Science, 30 (1990) 681-696. 
17. M. Stratmann, H. Streckel, On the atmospheric corrosion of metals which are covered with thin electrolyte 
layers .2. Experimental results, Corrosion Science, 30 (1990) 697-714. 
18. M. Stratmann, H. Streckel, K.T. Kim, S. Crockett, On the atmospheric corrosion of metals which are covered 
with thin electrolyte layers-iii. the measurement of polarisation curves on metal surfaces which are covered 
by thin electrolyte layers, Corrosion Science, 30 (1990) 715-734. 
19. M. Yamashita, H. Miyuki, Y. Matsuda, T. Misaw, The long term growth of the protective rust layer formed 
on weathering steel by atmospheric corrosion during a quarter of a century, Corrosion Science, 36 (1994) 
283-299. 
20. S.C. Morton, G.S. Frankel, Atmospheric pitting corrosion of AA7075-T6 under evaporating droplets with 
and without inhibitors, Materials and Corrosion-Werkstoffe und Korrosion, 65 (2014) 351-361.  
21. L. Huang, G.S. Frankel, Atmospheric corrosion of Cu during constant deposition of NaCl, Journal of the 
Electrochemical Society, 160 (2013) C336-C344. 
22. L. Huang, G.S. Frankel, Accelerated atmospheric corrosion testing of Ag, CORROSION, 69 (2013) 1060-
1072. 
23. L. Huang, G.S. Frankel, Atmospheric corrosion of Cu by UV, ozone and NaCl, Corrosion Engineering 
Science and Technology, 48 (2013) 461-468. 
24. E. Wilson, The corrosion products and mechanical properties of certain light aluminium alloys as affected 
by atmospheric exposure, Proceedings of the Physical Society, 6 (1926) 15-25. 
25. H.E. Townsend, Outdoor Atmospheric Corrosion, American Society for Testing and Materials (ASTM) 
International (2002). 
 138 
 
26. S.W. Dean, E.C. Rhea, Atmospheric Corrosion of Metals, American Society for Testing and Materials 
(ASTM) International (1982). 
27. Can be found in: http://www.engineeringtoolbox.com/relative-humidity-air-d_687.html. 
28. P.B.P. Phipps, D.W. Rice, ACS Symposium Series, 89 (1979)235-241. 
29. W.H.J. Vernon, A laboratory study of the atmospheric corrosion of metals. Part II.—Iron: The primary oxide 
film. Part III.—the secondary product or rust (influence of sulphur dioxide, carbon dioxide, and suspended 
particles on the rusting of iron), Transactions of the Faraday Society, 31 (1935) 1668-1700. 
30. J.G. Castano, D. de la Fuente, M. Morcillo, A laboratory study of the effect of NO2 on the atmospheric 
corrosion of zinc, Atmospheric Environment, 41 (2007) 8681-8696. 
31. M. Langlet, F. Nadaud, M. Benali, I. Pezron, K. Saleh, P. Guigon, L. Metlas-Komunjer, Kinetics of 
dissolution and recrystallization of sodium chloride at controlled relative humidity, KONA Powder and 
Particle Journal, 29 (2011) 168-179. 
32. A. F.  Davila, L.G. Duport, R. Melchiorri, J. Janchen, S. Valea, A. de los Rios, A.G. Fairen, D. Mohlmann, 
C. P. McKay, C. Ascaso, J. Wierzchos, Hygroscopic salts and the potential for life on mars, 
ASTROBIOLOGY, 10 (2010) 617-628. 
33. L. Wadsö, A. Anderberg, I. Slund, O. Söderman, An improved method to validate the relative humidity 
generation in sorption balances, European Journal of Pharmaceutics and Biopharmaceutics, 72 (2009) 99-
104. 
34. Can be found in: http://global.britannica.com/science/hydrosphere. 
35. V.M. Nik, S.O. Mundt-Petersen, A.S. Kalagasidis, P.D. Wild, Future moisture loads for building facades in 
Sweden: Climate change and wind-driven rain, Building and Environment, 93 (2015) 362-375. 
36. S. Zhang, K. Dam-Johansen, P.L. Bernad, S. Kiil, Rain erosion of wind turbine blade coatings using discrete 
water jets: Effects of water cushioning, substrate geometry, impact distance, and coating properties, Wear, 
328-329 (2015) 140-148. 
37. J.M. Wright, A. Colling, G. Bea, Seawater: Its Composition, Properties and Behaviour, Open University 
(1995). 
38. Can be found in: https://www.soest.hawaii.edu/GG/ASK/rain2.html. 
39. P.S.M. Santos, M. Otero, E.B.H. Santos, A.C. Duarte, Chemical composition of rainwater at a coastal town 
on the southwest of Europe: What changes in 20 years?, Science of The Total Environment, 409 (2011) 
3548-3553. 
40. R. Lindström, J.E. Svensson, L.G. Johansson, The influence of carbon dioxide on the atmospheric corrosion 
of some magnesium alloys in the presence of NaCl, Journal of the Electrochemical Society, 149 (2002) 
B103-B107. 
41. M. Esmaily, N. Mortazavi, M. Shahabi-Navid, J.E. Svensson, M. Halvarsson, L. Nyborg, A.E.W. Jarfors, 
M. Wessén, L.G. Johansson, Effect of Rheocasting on Corrosion of AM50 Mg Alloy, Journal of the 
Electrochemical Society, 162 (2015) C85-C95. 
42. M. Esmaily, M Shahabi-Navid, J.E. Svensson, M. Halvarsson, L. Nyborg, L.G. Johansson, Influence of 
temperature on the atmospheric corrosion of the Mg-Al alloy AM50, Corrosion Science, 90 (2015) 420-433. 
43. M. Shahabi-Navid, M. Esmaily, J.E. Svensson, M. Halvarsson, L. Nyborg, Y. Cao, L.G. Johansson, NaCl-
induced atmospheric corrosion of the MgAl alloy AM50-the influence of CO2, Journal of the 
Electrochemical Society, 161 (2014) C277-C287. 
44. M. Esmaily, D.B. Blücher, R.W. Lindström, J.E. Svensson, L.G. Johansson, The influence of SO2 on the 
corrosion of Mg and Mg-Al alloys, Journal of the Electrochemical Society, 162 (2015) C260-C269. 
45. L. Hasenberg, Sulfur dioxide, Corrosion Handbook, USA (1991). 
46. Can be found in: http://www3.epa.gov/airtrends/sulfur.html. 
47. Can be found in: https://www.ec.gc.ca/indicateurs-indicators. 
48. Q. Qua, C. Yan, Y. Wan, Effects of NaCl and SO2 on the initial atmospheric corrosion of zinc, Corrosion 
Science, 44 (2002) 2789-2803. 
49. J.J. Friel, Atmospheric corrosion products on Al, Zn, and AlZn metallic coatings, CORROSION, 42 (1986) 
422-426. 
 139 
 
50. M. Benarie, F.L. Lipfert, A general corrosion function in terms of atmospheric pollutant concentrations and 
rain pH, Atmospheric Environments, 20 (1986) 1947-1958. 
51. F.J. Hernández , J.J. Santana , R.M. Souto , S. González1, J. Morales, Characterization of the atmospheric 
corrosion of aluminum in archipelagic subtropical environments, International Journal of Electrochemical 
Science, 6 (2011) 6567-6580.  
52. D.B. Blücher, J.E. Svensson, L.G. Johansson, Influence of ppb levels of SO2 on the atmospheric corrosion 
of aluminum in the presence of NaCl, Journal of the Electrochemical Society, 152 (2005) B397-B404. 
53. T. Sydberger, N.G. Vannerberg, The influence of the relative humidity and corrosion products on the 
adsorption of sulfur dioxide on metal surfaces, Corrosion Science, 12 (1972) 775-784. 
54. T. Sydberger, R. Ericsson, Laboratory testing of the atmospheric corrosion of steel, Materials and Corrosion, 
28 (1977) 154-158. 
55. Y. Qian, C. Ma, D. Niu, J. Xu, M. Li, Influence of alloyed chromium on the atmospheric corrosion resistance 
of weathering steels, Corrosion Science, 74 (2013) 424-429. 
56. Y. Hua, R. Barker, A. Ne, The influence of SO2 on the tolerable water content to avoid pipeline corrosion 
during the transportation of supercritical CO2, International Journal of Greenhouse Gas Control, 37 (2015) 
412-423. 
57. J. Tidblad, Atmospheric corrosion of metals in 2010-2039 and 2070-2099, Atmospheric Environment, 55 
(2012) 1-6. 
58. J.E. Svensson, L.G. Johansson, A laboratory study of the initial stages of the atmospheric corrosion of zinc 
in the presence of NaCl; Influence of SO2 and NO2, Corrosion Science, 34 (1993) 721-740. 
59. A. Zarrouk , I. Warad, B. Hammouti, A Dafali, S.S. Al-Deyab, N. Benchat, The effect of temperature on the 
corrosion of Cu/HNO3 in the presence of organic inhibitor: Part-2, International Journal of Electrochemical 
Science, 5 (2010) 1516-1526. 
60. J. Chen, J.Q. Wang, E.H. Han, W. Ke, Effect of temperature on initial corrosion of AZ91 magnesium alloy 
under cyclic wet–dry conditions, Corrosion Engineering Science and Technology, 46 (2011) 277-284. 
61. D.B. Blücher, J.E. Svensson, L.G. Johansson, The NaCl-induced atmospheric corrosion of aluminum-The 
influence of carbon dioxide and temperature, Journal of the Electrochemical Society, 150 (2003) B93-B98. 
62. A. Niklasson, L.G. Johansson, J.E. Svensson, he influence of relative humidity and temperature on the acetic 
acid vapour-induced atmospheric corrosion of lead, Corrosion Science, 50 (2008) 3031-3037. 
63. Z.Y. Chen, D. Liang, G. Ma, G.S. Frankel, H.C. Allen, R.G. Kelly, Influence of UV irradiation and ozone 
on atmospheric corrosion of bare silver, Corrosion Engineering, Science and Technology, 45 (2010) 169-
180. 
64. D. Liang, H.C. Allen, G.S. Frankel, Z.Y. Chen, R.G. Kelly, Y. Wu, B.E. Wyslouzil, Effects of sodium 
chloride particles, Ozone, UV, and relative humidity on atmospheric corrosion of silver, Journal of the 
Electrochemical Society, 157 (2010) C146-C156. 
65. T.E. Graedel, Copper patinas formed in the atmosphere - II. A qualitative assessment of mechanisms, 
Corrosion Science, 27 (1987) 721-740. 
66. B.J. Finlayson-Pitts and J. N. Pitts, Atmospheric chemistry fundamentals and experimental techniques, John 
Wiley and Sons, New York (1986). 
67. B.J. Finlayson-Pitts, The tropospheric chemistry of sea salt:  a molecular-level view of the chemistry of 
NaCl and NaBr, Chemical Review, 103 (2003) 4801-4822. 
68. E.A. Thompson; T.D. Burleigh, Accelerated corrosion of zinc alloys exposed to ultraviolet light, Corrosion 
Engineering, Science and Technology, 42 (2007) 237-241. 
69. G.M. Mahmoud, R. Wang, M. Kato, K. Nakasa, Influence of ultraviolet light irradiation on corrosion 
behavior of weathering steel with and without TiO2-coating in 3 mass % NaCl solution, Scripta Materialia, 
53 (2005) 1303-1308. 
70. G.G. Graf, Ullmans Encyclopedia of Industrial Chemistry, VHC Verlag Weinhein (1996). 
71. B.J. Finlayson-Pitts, J.N. Pitts, Atmospheric Chemistry Fundamental and Experimental Techniques, John 
Wiley and Sons (1986). 
72. M.K. Robert, W.T. Young, Corrosion Testing in Natural Waters, ASM International the Materials 
Information Society, USA (1997). 
 140 
 
73. K.U. Kainer, Magnesium Alloys and Technologies, Wiley-VCH, DGM, Germany (2003). 
74. M. Esmaily, M. Navid, N. Mortazavi, J.E. Svensson, M. Halvarsson, M. Wessén, A. Jarfors, L.G. Johansson, 
Microstructural characterization of the Mg alloy AM50 produced by a newly developed rheo-casting 
process, Materials Characterization, 95 (2014) 50-64. 
75. S. Ji, W. Yang, F. Gao, D. Watson, Z. Fan, Effect of iron on the microstructure and mechanical property of 
Al-Mg-Si-Mn and Al-Mg-Si diecast alloys, Materials Science and Engineering: A, 564 (2013) 130-139. 
76. S. Zhang, D. Zhao, Aerospace Materials Handbook, CRC press, USA (2012). 
77. H. Alves, U. Koster, E. Aghion, D. Eliezer, Environmental behavior of magnesium and magnesium alloys, 
Materials Technology, 16 (2001) 110-126. 
78. S. Schumann, H. Friedrich, Engineering Requirements, Strategies and Examples, H.E. Friedrich, B.L. 
Mordike (Eds.), Magnesium Technology, Applications, Springer-Verlag, Berlin, Germany (2006). 
79. M. Nazmul Khan, Solidification Study of Commercial Magnesium Alloys, Ph.D. dissertation, Concordia 
University, Montreal, Quebec, Canada (2009). 
80. E. Aghion, B. Bronfin, Magnesium alloys development towards the 21st century, Materials Science Forum, 
350 (2000) 19-28.  
81. A. Wrigley, Automakers Going Heavy on Use of Light Magnesium, American Metals Marketplace, USA 
(2001). 
82. M. Pekguleryuz, K.U. Kainer, A. Kaya, Fundamentals of Magnesium Alloy Metallurgy, Woodhead 
Publishing (2013). 
83. G.H. Gulliver, The quantitative effect of rapid cooling upon the constitution of binary alloys, Journal of the 
Institute of Metals, 9 (1913) 120-157. 
84. E.Z. Scheil, Bemerkungen zur schichtkiistallbildung, Metallkd, 34 (1942) 70-72. 
85. Y. Du, J. Wang, J. Zhao, J.C. Schuster, F. Weitzer, R. Schmid-Fetzer, M. Ohno, H. Xu, Z.K. Liu, S. Shang, 
W. Zhang, Reassessment of the Al–Mn system and a thermodynamic description of the Al-Mg-Mn system, 
International Journal of Materials Research, 98 (2007) 855-871. 
86. A.A. Nayeb-Hashemi, J.B. Clark, Phase Diagrams of Binary Magnesium Alloys, ASM International the 
Materials Information Society, USA (1988). 
87. R.M. Wang, A. Eliezer, E.M. Gutman, An investigation on the microstructure of an AM50 magnesium alloy, 
Materials Science and Engineering A, 355(2003) 201-207. 
88. M.M. Avedesian, H. Baker, Magnesium & Magnesium alloys. ASM International the Materials Information 
Society, USA (1999). 
89. A. Beck, The Technology of Magnesium and Its Alloys. FA Hughes & Co. Ltd, London, UK (1943). 
90. G. Wu, Y. Fan, Y.P. Zhu, The effect of Ca and rare earth elements on the microstructure, mechanical 
properties and corrosion behavior of AZ91D, Materials Science and Engineering: A, 408 (2005) 255-263. 
91. J. Bohlena, M.R. Nürnberg, J.W. Senn, D. Letzig, S.R. Agnew, The texture and anisotropy of magnesium–
zinc–rare earth alloy sheets, Acta Materialia, 55 (2007) 2101-2112. 
92. K. Hantzsche, J. Bohlen, J. Wendt, K.U. Kainera, S.B. Yi, D. Letzig, Effect of rare earth additions on 
microstructure and texture development of magnesium alloy sheets, Scripta Materialia, 63 (2010) 725-730. 
93. E.F. Horst, L.M. Barry, Magnesium Technology: Metallurgy, Design and Data, Springer (2006). 
94. A.A. Luo, K. Sadayappan, Technology for Magnesium Castings, American Foundry Society, USA (2011). 
95. A. Balasundaram, A.M. Gokhale, Quantitative characterization of spatial arrangement of shrinkage and gas 
(air) pores in cast magnesium alloys, Materials Charactrization 46 (2001) 419-426. 
96. A.K. Dahl, S. Sannes, D.H. St. John, H. Westengen, Formation of defect bands in high pressure die cast 
magnesium alloys, Journal of Light Metals, 1 (2001) 99-103. 
97. E.F. Emley, Principals of Magnesium Technology, Pergamon Press, Oxford, UK (1966). 
98. M. Siedersleben, Vakuum-Druckguss von Magnesiumlegierungen fur hochbelastete Bauteile, Magnesium 
Eigenschaften, Anwendungen, Potentiale, Wiley-VCH, Weinheim (2000). 
99. Z. Fan, Semisolid metal processing, International Materials Reviews, 47 (2002) 49-85. 
100. X. Du, E. Zhang, Microstructure and mechanical behaviour of semi-solid die-casting AZ91D magnesium 
alloy, Materials Letters, 61 (2007) 2333-2337. 
 141 
 
101. Z. Koren, H. Rosenson, E.M. Gutman, Y.B. Unigovski, A. Eliezer, Development of semisolid casting for 
AZ91 and AM50 magnesium alloys. Journal of Light Metals, 2 (2002) 81-87. 
102. M. Payandeh, A.E.W. Jarfors, M. Wessén, Effect of superheat on melting rate of EEM of Al alloys during 
stirring using the RheoMetal process, Solid State Phenomena, 192 (2013) 392-7. 
103. M. Östklint, M. Wessén, Microstructure characteristics and semi-solid slurry formation in binary Mg-Al 
alloys produced by the RheoMetal process, Solid State Phenomena, 192 (2013) 482-487. 
104. S. Ji, M. Qian, Z. Fan, Semisolid processing characteristics of AM series Mg alloys by rheo-diecasting, 
Metallurgical and Materials Transactions A, 37 (2006) 779-787. 
105. G. Song, A. Atrens, Corrosion mechanisms of magnesium alloys, Advanced Engineering Materials, 1 
(1999) 11-33. 
106. B.A. Shaw, Corrosion Resistance of Magnesium Alloys, ASM International Handbook, USA (2003). 
107. J.D. Hanawalt, C.E. Nelson, J.A. Peloubet, Corrosion studies of magnesium and its alloys, Transactions of 
the Metallurgical Society of AIME, 147 (1942) 273-299. 
108. N.S. Mcintyre, C. Chen Role of impurities on Mg surfaces under ambient exposure conditions, Corrosion 
Science, 40 (1998) 1697-1709. 
109. H. Matsubara, Y. Ichige, K. Fujita, H. Nishiyama, K. Hodouchi, Effect of impurity Fe on corrosion behavior 
of AM50 and AM60 magnesium alloys Corrosion Science, 66 (2013) 203-210. 
110. I. A. Anyanwu, T. Honda, S. Kamado, Y. Kojima, S. Takeda, and T. Ishida, “Heat and corrosion resistance 
of Mg-Zn-Al-Ca alloys,” in Proceedings of the Magnesium Alloys and Their Applications, K. U. Kainer, 
Ed., Wiley-VCH, Weinheim, Germany (2006) 110–115. 
111. N. Birbilis, M.A. Easton, A.D. Sudholz, S.M. Zhu, M.A. Gibson, On the corrosion of binary magnesium-
rare earth alloys, Corrosion Science, 51 (2009) 683-689. 
112. X. Xia, C. Davies, J. Nie, and N. Birbilis, Influence of composition and processing on the corrosion of 
magnesium alloys containing binary and ternary additions of zinc and strontium. Corrosin, 71 (2015) 38-
49. 
113. A.D. Südholz, N. Birbilis, C.J. Bettles, M.A. Gibson, Corrosion behaviour of Mg-alloy AZ91E with 
atypical alloying additions, Journal of Alloys and Compounds, 471 (2009) 109-115. 
114. D. Orlov, K.D. Ralston, N. Birbilis, Y. Estrina, Enhanced corrosion resistance of Mg alloy ZK60 after 
processing by integrated extrusion and equal channel angular pressing, Acta Materialia, 59 (2011) 6176-
6186. 
115. A.D. Sudholz, K. Gusieva, X.B. Chen, B.C. Muddle, M.A. Gibson, N. Birbilis, Electrochemical behaviour 
and corrosion of Mg–Y alloys, Corrosion Science, 53 (2011) 2277-2282. 
116. R. Arrabal, B. Mingo, A. Pardo, E. Matykina, M. Mohedano, M.C. Merino, A. Rivas, A. Maroto, Role of 
alloyed Nd in the microstructure and atmospheric corrosion of as-cast magnesium alloy AZ91, Corrosion 
Science, 97 (2015) 38-48. 
117. R. Arrabal, A. Pardo, M.C. Merino, M. Mohedano, P. Casajús, K. Paucar, G. Garcés, Effect of Nd on the 
corrosion behaviour of AM50 and AZ91D magnesium alloys in 3.5 wt.% NaCl solution, Corrosion Science, 
55 (2012) 301-312. 
118. W. Xu, N. Birbilis, G. Sha, Y. Wang, J.E. Daniels, Y. Xiao, M. Ferry, A high-specific-strength and 
corrosion-resistant magnesium alloy, Nature Materials, 14 (2015), 1229-235. 
119. K. Gusieva, C.H.J. Davies, J.R. Scully, N. Birbilis, Corrosion of magnesium alloys: the role of alloying, 
International Materials Reviews, 60 (2015) 169-194. 
120. G.L. Song, Corrosion of Magnesium Alloys, Woodhead Publishing (2011). 
121. E. Ghali, Corrosion Resistance of Aluminum and Magnesium Alloys: Understanding, Performance, and 
Testing, John Wiley & Sons, (2010) 
122. O. Hakimi, E. Aghion, J. Goldman, Improved stress corrosion cracking resistance of a novel biodegradable 
EW62 magnesium alloy by rapid solidification, in simulated electrolytes, Materials Science and 
Engineering C, 51 (2015) 226-232. 
123. S.D. Wang, D.K. Xu, E.H. Han, C. Dong, Stress corrosion cracking susceptibility of a high strength Mg-
7%Gd-5%Y-1%Nd-0.5%Zr alloy, Journal of Magnesium and Alloys, 2 (2014) 335-341. 
 142 
 
124. Y. Uematsu, T. Kakiuchi, M. Nakajima, Stress corrosion cracking behavior of the wrought magnesium 
alloy AZ31 under controlled cathodic potentials, Materials Science and Engineering A, 531 (2012) 171-
177. 
125. G.L. Song, A. Atrens, Understanding magnesium corrosion - a framework for improved alloy performance, 
Advanced Engineering Materials, 5 (2003) 837-858. 
126. S. Izumi, M. Yamasaki, Y. Kawamura, Relation between corrosion behavior and microstructure of Mg-Zn-
Y alloys prepared by rapid solidification at various cooling rates, Corrosion Science, 51 (2009) 395-402. 
127. D. Daloz, P. Steinmetz, G. Michot, Corrosion behavior of rapidly solidified magnesium-aluminum-zinc 
alloys, CORROSION, 53 (1997) 944-954. 
128. R.M. Asmussen, W.J. Binns, P. Jakupi, D. Shoesmith, Microstructural effects on corrosion of AM50 
magnesium alloys, Journal of the Electrochemical Society, 161 (2014) C501-C508. 
129. O. Lunder, J.E. Lein, T. K. Aune, K. Nisancioglu, The role of Mg17Al12 phase in the corrosion of Mg 
alloy AZ91, CORROSION, 45 (1989) 741-748. 
130. G.L. Song, A. Atrens, M. Dargusch, Influence of microstructure on the corrosion of diecast AZ91D, 
Corrosion Science, 41 (1998) 249-273. 
131. M. Danaie, R.M. Asmussen, P. Jakupi, D.W. Shoesmith, G.A. Botton, The cathodic behaviour of Al–Mn 
precipitates during atmospheric and saline aqueous corrosion of a sand-cast AM50 alloy, Corrosion 
Science, 83 (2014) 299-309. 
132. M. Jönsson, D. Persson, R. Gubner, The initial steps of atmospheric corrosion on magnesium alloy AZ91D, 
Journal of the Electrochemical Society, 154 (2007) C684-691. 
133. S. Thomas, N.V. Medhekar, G.S. Frankel, N. Birbilis, Corrosion mechanism and hydrogen evolution on 
Mg, Current Opinion in Solid State and Materials Science, 19 (2015) 85-94. 
134. G.S. Frankel, A. Samaniego, N. Birbilis, Evolution of hydrogen at dissolving magnesium surfaces, 
Corrosion Science,  70 (2013) 104-111. 
135. V.R. Grauer, Feste Korrosionsprodukte – I. Magnesium, Zink, Cadmium, Blei und Kupfer. Werkstoffe und 
Korrosion, 31 (1980) 837-850. 
136. Y. Xiong, A.S. Lord, Experimental investigations of the reaction path in the MgO–CO2–H2O system in 
solutions with various ionic strengths, and their applications to nuclear waste isolation, Applied 
Geochemistry, 23 (2008) 1634-1659. 
137. Can be found in: http://www.engineeringtoolbox.com/relative-humidity-air-d_687.html. 
138. S.J. Splinter, N.S. McIntyre, W.N. Len, K. Griffiths, G. Palumbo, An AES and XPS study of the initial 
oxidation of polycrystalline magnesium with water vapour at room temperature, Surface Science, 292 
(1993) 130-144. 
139. J.H. Nordlien, S. Ono, N. Masuko, K. Nisancioglu, Morphology and structure of oxide-films formed on 
magnesium by exposure to air and water, Journal of the Electrochemical Society, 142 (1995) 3320-3322. 
140. J.H. Nordlien, S. Ono, N. Masuko, K. Nisancioglu, Morphology and structure of oxide films formed on 
MgAl alloys by exposure to air and water, Journal of the Electrochemical Society,143 (1996) 2564-2572. 
141. J.H. Nordlien, K. Nisancioglu, S. Ono, N. Masuko, Morphology and structure of water-formed oxides on 
ternary MgAl alloys, Journal of the Electrochemical Society, 14 (1997) 461-466. 
142. M. Santamaria, F. Di Quarto, S. Zann, P. Marcus, Initial surface film on magnesium metal: A 
characterization by X-ray photoelectron spectroscopy (XPS) and photocurrent spectroscopy (PCS), 
Electrochimica Acta, 53 (2007) 1314–1324 
143. S. Feliu Jr, M.C. Merino, R. Arrabal, A.E. Coy, E. Matykina, XPS study of the effect of aluminium on the 
atmospheric corrosion of the AZ31 magnesium alloy, Surface and Interface Analysis, 41 (2009) 143-150. 
144. S. Feliu Jr., A. Pardo, M.C. Merino, A.E. Coy, F. Viejo, R. Arrabal, Correlation between the surface 
chemistry and the atmospheric corrosion of AZ31, AZ80 and AZ91D magnesium alloys, Applied Surface 
Science, 255 (2009) 4102-4108. 
145. S. Feliu Jr., C. Maffiotte, A. Samaniego, J.C. Galván, V. Barra, Effect of naturally formed oxide films and 
other variables in the early stages of Mg-alloy corrosion in NaCl solution, Electrochimica Acta, 56 (2011) 
4554-4565. 
 143 
 
146. M. Liu, S. Zann, H. Ardelean, I. Frateur, P. Schmutz, G.L. Song, A. Atrens, P. Marcus, A preliminary 
quantitative XPS study of the surface films formed on pure magnesium and on magnesium-aluminium 
intermetallics by exposure to high-purity water, Materials Science Forum 618-619 (2009) 255-262. 
147. M. Taheri, R.C. Phillips, J.R. Kish, G.A. Botton, Analysis of the surface film formed on Mg by exposure 
to water using a FIB cross-section and STEM-EDS, Corrosion Science, 59 (2012) 222-228. 
148. R.M. Asmussen, P. Jakupi, M. Danaie, G.A. Botton, D.W. Shoesmith, Tracking the corrosion of 
magnesium sand cast AM50 alloy in chloride environments, Corrosion Science, 75 (2013) 114-122. 
149. M. Taheri, J.R. Kish, Nature of surface film formed on Mg exposed to 1 M NaOH, Journal of the 
Electrochemical Society,160 (2013) C36-C41. 
150. R.C. Phillips, J.R. Kish, Nature of surface film on matrix phase of Mg alloy AZ80 formed in water, 
CORROSION, 69 (2013) 813-820. 
151. M. Danaie, R.M. Asmussen, P. Jakupi, D.W. Shoesmith, G.A. B, The role of aluminum distribution on the 
local corrosion resistance of the microstructure in a sand-cast AM50 alloy, Corrosion Science, 77 (2013) 
151-163. 
152. M. Taheri, M. Danaie, J.R. Kish, TEM examination of the film formed on corroding Mg prior to breakdown, 
Journal of the Electrochemical Society,161 (2014) C89-C94. 
153. M.P. Brady, M. Fayek, H.H. Elsentriecy, K.A. Unocic, L.M. Anovitz, J.R. Keiser, G.L. Song, B. Davis, 
Tracer film growth study of hydrogen and oxygen from the corrosion of magnesium in water, Journal of 
the Electrochemical Society,161 (2014) C395-C404. 
154. M.P. Brady, G. Rother, L.M. Anovitz, K.C. Littrell, K.A. Unocic, H.H. Elsentriecy, G.L. Song, J.K. 
Thomson, N.C. Gallego, B. Davis, Film breakdown and nano-porous Mg(OH)2 formation from corrosion 
of magnesium alloys in salt solutions, Journal of the Electrochemical Society,162 (2015) C140-C149. 
155. K.A. Unocic, H.H. Elsentriecy, M.P. Brady, H.M. Meyer III, G.L. Song, M. Fayek, R.A. Meisner, B. Davis, 
Transmission Electron Microscopy Study of Aqueous Film Formation and Evolution on Magnesium 
Alloys, Journal of the Electrochemical Society, 161 (2014) C302-C311. 
156. Z.P. Cano, J. R. McDermid, J. R. Kish, Cathodic activity of corrosion filaments formed on Mg alloy AM30, 
Journal of the Electrochemical Society, 162 (2015) C732-C740. 
157. D.A. Vermilyea, C.F. Kirk, Studies of inhibition of magnesium corrosion, Journal of the Electrochemical 
Society, 116 (1969) 1487-1492. 
158. M. Esmaily, P. Malmberg M. Shaha, J.E. Svensson, L.G. Johansson, A ToF-SIMS investigation of the 
corrosion behavior of Mg alloy AM50 in atmospheric environments, Applied Surface Science, 360 (2016) 
98-106. 
159. M.C. Zhao, P. Schmutz, S. Brunner, M. Liu, G.L. Song, A. Atrens, An exploratory study of the corrosion 
of Mg alloys during interrupted salt spray testing, Corrosion Science, 51 (2009) 1277-1292. 
160. G. Baril, C. Blanc, N, Pébère, AC impedance spectroscopy in characterizing time-dependent corrosion of 
AZ91 and AM50 magnesium alloys characterization with respect to their microstructures, Journal of the 
Electrochemical Society, 148 (2001) B489-B496. 
161. H. Inoue, K. Sugahara, A. Yamamoto, H. Tsubakin, Corrosion rate of magnesium and its alloys in buffered 
chloride solutions, Corrosion Science, 44 (2002) 603-610. 
162. Y.L Cheng, T. Qin, H. Wang, Z, Zhang, Comparison of corrosion behaviors of AZ31, AZ91, AM60 and 
ZK60 magnesium alloys, Transactions of Nonferrous Metals Society of China, 19 (2009) 517-524. 
163. N.Z. Abidin, A.D. Atrens, D. Martina, A. Atrens, Corrosion of high purity Mg, Mg2Zn0.2Mn, ZE41 and 
AZ91 in Hank’s solution at 37 °C, Corrosion Science, 53 (2011) 3542-3556. 
164. G.L. Song, A. Atrens, X. Wu, B. Zhang, Corrosion behaviour of AZ21, AZ501 and AZ91 in sodium 
chloride, Corrosion Science, 40 (1998) 1769-1791. 
165. R. Lindström, J.E. Svensson, L.G. Johansson, The influence of carbon dioxide on the atmospheric corrosion 
of some magnesium alloys in the presence of NaCl, Journal of the Electrochemical Society, 149 (2002) 
B103-B107. 
166. G.M. Abady, N.H. Hilal, M. El-Rabiee, W.A. Badawy, Effect of Al content on the corrosion behavior of 
Mg–Al alloys in aqueous solutions of different pH, Electrochimica Acta, 55 (2010) 6651-6658. 
167. L. Wang, T. Shinohara, B. Zhang, Corrosion behavior of Mg, AZ31, and AZ91 alloys in dilute NaCl 
solutions, Journal of Solid State Electrochemistry, 14 (2010) 1897-1907. 
 144 
 
168. R. Udhayan, D. P. Bhatt, On the corrosion behaviour of magnesium and its alloys using electrochemical 
techniques, Journal of Power Sources, 63 (1996) 103-107. 
169. I.B. Singh, M. Singh, S. Das, A comparative corrosion behavior of Mg, AZ31 and AZ91 alloys in 3.5% 
NaCl solution, Journal of Magnesium and Alloys, 3 (2015) 142-148. 
170. R. Jia, C. Yan, F. Wang, Influence of Al content on the atmospheric corrosion behaviour of magnesium-
aluminum alloys, Journal of Materials Science and Technology, 25 (2009) 225-229. 
171. H. El Shaye, E.N. El Sawy, Corrosion behaviour of pure Mg, AS31 and AZ91 in buffered and unbuffered 
sulphate and chloride solutions, Corrosion Engineering, Science and Technology, 46 (2011) 481-492. 
172. M. Liu, P.J. Uggowitzer, A.V. Nagasekhar, P. Schmutz, M. Easton, G.L. Song, A. Atrens, Calculated phase 
diagrams and the corrosion of die-cast Mg–Al alloys, Corrosion Science, 51 (2009) 602-619. 
173. Z. Shi, G. Song, A. Atrens, Influence of the b phase on the corrosion performance of anodised coatings on 
magnesium–aluminium alloys, Corrosion Science 47 (2005) 2760–2777. 
174. A. Froats, T.K. Aune, D. Hawke, W. Unsworth, J.E. Hillis, Corrosion of magnesium and magnesium alloys, 
Metal Handbook, Corrosion, 9th ed., vol. 13, ASM International Materials Park, OH, (1987) 740-754. 
175. M.E. Straumanis, B.K. Bhati, Disintegration of magnesium while dissolving anodically in neutral and 
acidic solutions, Journal of the Electrochemical Society, 110 (1963) 357-360. 
176. W.J. James, M.E. Straumanis, B.K. Bhatia, J.W. Johnson, The difference effect on magnesium dissolving 
in acids, Journal of the Electrochemical Society, 110 (1963) 1117-1120. 
177. P.F. King, The role of the anion in the anodic dissolution of magnesium, Journal of the Electrochemical 
Society, 113 (1966) 536-539. 
178. A. Atrens, G.L. Song, F. Cao, Z. Shia, P.K. Bowen, Advances in Mg corrosion and research suggestions, 
Journal of Magnesium and Alloys, 1 (2013) 177-200. 
179. G.S. Frankel, S. Fajardo, B.M. Lynch, Introductory lecture on corrosion chemistry: a focus on anodic 
hydrogen evolution on Al and Mg, Faraday Discussions, 180 (2015) 11-33. 
180. R.S. Stampella, R.P.M. Procter, V. Ashworth, Environmentally-induced cracking of magnesium, Corrosion 
Science, 24 (1984) 325-341. 
181. R.L. Petty, A.W. Davidson, J. Kleinberg, The anodic oxidation of magnesium metal: Evidence for the 
existence of unipositive magnesium, Journal of the American Chemical Society, 76 (1954) 363-366. 
182. A. Atrens, W. Dietzel, The negative difference effect and unipositive Mg, Advance Engineering Materials, 
9 (2007) 292-297. 
183. N. Birbilis, A.D. King, S. Thomas, G.S. Frankel, J.R. Scully, Evidence for enhanced catalytic activity of 
magnesium arising from anodic dissolution, Electrochimica Acta, 132 (2014) 277-283. 
184. G.S. Frankel, A. Samaniego, N. Birbilis, Evolution of hydrogen at dissolving magnesium surfaces, 
Corrosion Science 70 (2013) 104-111 
185. N.T. Kirkland, G. Williams, N. Birbilis, Observations of the galvanostatic dissolution of pure magnesium, 
Corrosion Science, 65 (2012) 5-9. 
186. L. Rossrucker, K.J.J. Mayrhofer, G.S. Frankel, N. Birbilis, Investigating the Real Time Dissolution of Mg 
Using Online Analysis by ICP-MS, Journal of the Electrochemical Society, 161 (2014) C115-C119. 
187. G. Williams, N. Birbilis, H.N. McMurray, The source of hydrogen evolved from a magnesium anode, 
Electrochemistry Communications, 36 (2013) 1-5. 
188. A. Samaniego, b, B.L. Hurley, G.S. Frankel, On the evidence for univalent Mg, Journal of Electroanalytical 
Chemistry, 737 (2015) 123-128. 
189. A. Samaniego, N. Birbilis, X. Xia, G.S. Frankel, Hydrogen evolution during anodic polarization of Mg 
alloyed with Li Ca, or Fe, CORROSION, 71 (2014) 224-233. 
190. Z. Shi, A. Atrens, Comments on the paper entitled “Observations of the galvanostatic dissolution of pure 
magnesium” by N.T. Kirkland, G. Williams and N. Birbilis, Corrosion Science, 77 (2013) 403-406. 
191. N.T. Kirkland, G. Williams, N. Birbilis, Response to comments from Shi and Atrens on the paper 
“Observations of the galvanostatic dissolution of pure magnesium”, Corrosion Science, 77 (2013) 407-409. 
192. L. Rossrucker, A. Samaniego, J.P. Grote, A.M. Mingers, C.A. Laska, N. Birbilis, G.S. Frankel, K.J.J. 
Mayrhofer, The pH dependence of magnesium dissolution and hydrogen evolution during anodic 
polarization, Journal of the Electrochemical Society, 162 (2015) C333-C339. 
 145 
 
193. G.L. Song, Corrosion Prevention of Magnesium Alloys, Woodhead Publishing in Materials (2014). 
194. R.M. Asmussen, The Influence of Microstructure on the Corrosion of Magnesium Alloys, Ph.D. 
dissertation, (Advisor: Professor David Shoesmith), Western University, Canada (2014). 
195. I. Barin, Thermochemical Data of Pure Substances, 3rd Edition, VCH Verlagsgesellschaft mbH (2008). 
196. N.D. Tomashov, Behaviour of a separate local cathode under conditions of oxygen depolarization, Comptes 
Rendus de l'Académie des Sciences, 27 (1940) 983-986. 
197. N.D. Tomashov, Effect of distribution and dispersity of local cathodes upon the rate of corrosion under 
conditions of oxygen depolarization, Comptes Rendus de l'Académie des Sciences, 27 (1940) 987-990. 
198. M. Jönsson, D. Persson, Accelerated corrosion tests for magnesium alloys: Do they really simulate field 
conditions?, 65th Annual World Magnesium Conference, Poland (2008). 
199. B. Rendahl, N. LeBozec, Assessment of corrosivity of globalvehicle environment, Research Report, Swerea 
KIMAB Stockholm, Sweden (2009). 
200. N. Chawla, K.K. Cha, Metal Matrix Composites, Springer (2006). 
201. T. Clyne, P. Withers, An Introduction to Metal Matrix Composites, Cambridge Solid State Science Series 
(1993). 
202. G. Voyiadjis, Advances in Damage Mechanics: Metals and Metal Matrix Composites, Elsevier (1999). 
203. Can be found in: http://www-materials.eng.cam.ac.uk/mpsite/interactive_charts/stiffness-density/. 
204. J.P. Davim, Metal Matrix Composites, Nova Science Publishers, USA (2012). 
205. F.C. Dillon, J. Moghal, A. Koós, J.G. Lozano, L. Miranda, M.J. Reece, N. Grobert, Ceramic composites 
from mesoporous silica coated multi-wall carbon nanotubes, Microporous and Mesoporous Materials, 217 
(2015) 159-166. 
206. C. Torres-Torresa, C. Mercado-Zúñiga, C.L. Martínez-González, H. Martínez-Gutiérrez, N.R. Rebollo, M. 
Trejo-Valdez, J.R. Vargas-García, R. Torres-Martínez, Optical Kerr effect exhibited by carbon nanotubes 
and carbon/metal nanohybrid materials, Nanostructures, 73 (2015) 156-162.  
207. P. Jana, V. Fierro, A. Pizzi, A. Celzard, Thermal conductivity improvement of composite carbon foams 
based on tannin-based disordered carbon matrix and graphite fillers, Materials & Design, 83 (2015) 635-
643. 
208. J. Yang, Y. Zhang, X. Zhao, Y. An, H. Zhou, J. Chen, H. Guoliang, Tribological behaviors of plasma 
sprayed CuAl/Ni-graphite composite coating, Tribology International, 90 (2015) 96-103. 
209. S.L. Pramod, A.K. Prasada Rao, B.S. Murty, S.R. Bakshi, Effect of Sc addition on the microstructure and 
wear properties of A356 alloy and A356-TiB2 in situ composite, Materials & Design, 78 (2015) 85-94. 
210. X.J. Wang, X.S. Hu, K. Wu, L.Y. Wang, Y.D. Huang, Evolutions of microstructure and mechanical 
properties for SiCp/AZ91 composites with different particle contents during extrusion, Materials Science 
and Engineering A, 636 (2015) 138-147. 
211. B. Hu, L. Peng, B.R. Powell, M.P. Balough, R.C. Kubic, A.K. Sachdev, Interfacial and fracture behavior 
of short-fibers reinforced AE44 based magnesium matrix composites, Journal of Alloys and Compounds, 
504 (2010) 527-534. 
212. H. Dieringa, Y. Huang, P. Maier, N. Hort, K.U. Kainer, Tensile and compressive creep behaviour of Al2O3 
(Saffil®) short fiber reinforced magnesium alloy AE42, Materials Science and Engineering A, 410-411 
(2005) 85-88. 
213. B. Li, B. Luo, K. He, L. Zeng, W. Fan, Z. Bai, Effect of aging on interface characteristics of Al-Mg-Si/SiC 
composites, Journal of Alloys and Compounds, 649 (2015) 495-499. 
214. C. Gode, H. Yilmazer, I. Ozdemir, Y. Todaka, Microstructural refinement and wear property of Al-Si-Cu 
composite subjected to extrusion and high-pressure torsion, Materials Science and Engineering A, 618 
(2014) 377-384. 
215. J. Song, Q. Guo, Q. Ouyang, Y. Su, J. Zhang, E.J. Lavernia, J.M. Schoenung, D. Zhang, Influence of 
interfaces on the mechanical behavior of SiC particulate-reinforced Al-Zn-Mg-Cu composites, Materials 
Science and Engineering A, 644 (2015) 79-84. 
216. F. Weng, H. Yu, C. Chen, J. Dai, Microstructures and wear properties of laser cladding Co-based composite 
coatings on Ti-6Al-4V, Materials & Design, 80 (2015) 174-181. 
 146 
 
217. F. Ji, M.Z. Ma, A response on comments on ‘creep behavior of in situ TiCP/2618 aluminum matrix 
composites, Materials Science and Engineering A, 527 (2010) 3293-3294. 
218. R. Bauri, M.K. Surappa, Investigations on serrated flow in 8090 Al alloy and 8090 Al–SiCp composites 
occurring during dynamic ultra-low load micro hardness (DUH) indentation, Materials Science and 
Engineering A, 393 (2005) 22-26. 
219. K.U. Kainer, Basics of Metal Matrix Composites. Custom-made Materials for Automotive and Aerospace 
Engineering, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim (2006). 
220. Z. Ni, H. Zhao, F. Ye, Influence of sintering temperature on the mechanical properties and thermal 
expansion of SiCp/Al-30Si composites, Vacuum, 120 (2015) 101-106. 
221. F.J. Humphreys, Deformation and annealing mechanisms in discontinuously reinforced metal-matrix 
composites, Proc. 9th Risø International Symposium on Mechanical and Physical Behavior of Metallic and 
Ceramic Composites, Risø National Laboratory, Roskilde (1988) 51-74. 
222. F.J. Humphreys, A. Bas, M.R. Djazeb, The microstructure and strength of particulate metal-matrix 
composites, Proc. 12th Risø International Symposium on Materials Science, Metal-Matrix Composites – 
Processing, Microstructure and Properties, N. Hansen et al. (Eds), Risø National Laboratory, Roskilde 
(1991) 51-66. 
223. B. Yao, B. Simkin, B. Majumdar, C. Smith, M. van den Bergh, K. Cho, Y.H. Sohn, Strain-induced grain 
growth of cryomilled nanocrystalline Al in trimodal composites during forging, Materials Science and 
Engineering A, 536 (2012) 103-109. 
224. A. Mertens, A. Simar, J. Adrien, E. Maire, H.-M. Montrieux, F. Delannay, J. Lecomte-Beckers, Influence 
of fibre distribution and grain size on the mechanical behaviour of friction stir processed Mg-C composites, 
Materials Characterization, 107 (2015) 125-133. 
225. S.F. Hassan, O.O. Nasirudeen, N. Al-Aqeeli, N. Saheb, F. Patel, M.M.A. Baig, Magnesium-nickel 
composite: Preparation, microstructure and mechanical properties, Journal of Alloys and Compounds, 646 
(2015) 333-338. 
226. M.J. Shen, X.J. Wang, M.F. Zhang, B.H. Zhang, M.Y. Zheng, K. Wu, Microstructure and room temperature 
tensile properties of 1 μm - SiCp/AZ31B magnesium matrix composite, Journal of Magnesium and Alloys, 
3 (2015) 155-161. 
227. J. Jiang, Y. Wang, Microstructure and mechanical properties of the rheoformed cylindrical part of 7075 
aluminum matrix composite reinforced with nano-sized SiC particles, Materials & Design, 79 (2015) 32-
41, 
228. J. Jiang, Y. Wang, Microstructure and mechanical properties of the semisolid slurries and rheoformed 
component of nano-sized SiC/7075 aluminum matrix composite prepared by ultrasonic-assisted semisolid 
stirring, Materials Science and Engineering A, 639 (2015) 350-358. 
229. K.S. Mazumdar, Composites Manufacturing, RC Press (2010). 
230. I.A. Brahim, F.A. Mohamed, E.J. Lavernia, Particulate reinforced metal matrix composites-a review, 
Journal of Materials Science, 26 (1991) 1137-1156. 
231. A. Evans, C. San, A. Mortensen, Metal Matrix Composite in Industry: An Introduction and A Survey, 
Dordrecht; Boston: Kluwer Academic Publishers (2003). 
232. N. Quy Bau, Development of Nano-Composites Based on Magnesium Alloy System AZ31B, Ph.D. 
dissertation, National University of Singapore (2009). 
233. Q.B. Nguyen, M. Gupta, Enhancing compressive response of AZ31B magnesium alloy using nano-alumina 
particulates, Composites Science and Technology, 68 (2008) 2185-2192. 
234. Q.B. Nguyen, M. Gupta, Increasing significantly the failure strain and work of fracture of solidification 
processed AZ31B using nano-alumina particulates, Journal of Alloys and Compounds, 459 (2008) 244-
250. 
235.  J. Hashim, L. Looney, M.S.J. Hashmi, Metal matrix composites: production by the stir casting method, 
Journal of Materials Processing Technology, 92–93 (1999) 1-7. 
236. D.B. Miracle, Metal matrix composites - From science to technological significance, Composites Science 
and Technology, 65 (2005) 2526-2540. 
237. A.J. Cook, P.S. Werner, Pressure infiltration casting of metal matrix composites, Materials Science and 
Engineering A, 144 (1991) 189-206. 
 147 
 
238. S. Suresh, Fundamentals of Metal-Matrix Composites, Elsevier (1993). 
239. J.T. Blucher, Discussion of a liquid metal pressure infiltration process to produce metal matrix composites, 
Journal of Materials Processing Technology, 30 (1992) 381-390. 
240. M. Dhanashekar, V.S. Senthil Kumar, Squeeze casting of aluminium metal matrix composites - an 
overview, Procedia Engineering, 97 (2014) 412-420. 
241. T.R. Vijayaram, S. Sulaiman, A.M.S. Hamouda, M.H.M. Ahmad, Fabrication of fiber reinforced metal 
matrix composites by squeeze casting technology, Journal of Materials Processing Technology, 178 (2006) 
34-38. 
242. S. Tzamtzis, N.S. Barekar, N. Hari Babu, J. Patel, B.K. Dhindaw, Z. Fan, Processing of advanced Al/SiC 
particulate metal matrix composites under intensive shearing - A novel Rheo-process, Composites Part A: 
Applied Science and Manufacturing, 40 (2009) 144-151. 
243. S.A. Sajjadi, H.R. Ezatpour, M. Torabi Parizi, Comparison of microstructure and mechanical properties of 
A356 aluminum alloy/Al2O3 composites fabricated by stir and compo-casting processes, Materials & 
Design, 34 (2012) 106-111. 
244. D.Y Ying, D.L Zhang, Processing of Cu–Al2O3 metal matrix nanocomposite materials by using high 
energy ball milling, Materials Science and Engineering A, 286 (2000) 152-156. 
245. D.L. Zhang, Processing of advanced materials using high-energy mechanical milling, Progress in Materials 
Science, 49 (2004) 537-560. 
246. M. Gupta, F. Mohamed, E. Lavernia, T.S. Srivatsan, Microstructural evolution and mechanical properties 
of SiC/Al2O3 particulate-reinforced spray-deposited metal-matrix composites, Journal of Materials 
Science, 28 (1993) 2245-2259. 
247. S.C. Tjong, Z.Y. Ma, Microstructural and mechanical characteristics of in situ metal matrix composites, 
Materials Science and Engineering R, 29 (2000) 49-113. 
248. R.S Mishra, Z.Y Ma, I. Charit, Friction stir processing: a novel technique for fabrication of surface 
composite, Materials Science and Engineering A, 341 (2003) 307-310. 
249. W. Wang, Q. Shi, P. Liu, H. Li, T. Li, A novel way to produce bulk SiCp reinforced aluminum metal matrix 
composites by friction stir processing, Journal of Materials Processing Technology, 209 (2009) 2099-2103. 
250. A.A. Mahdy, Fabrication and characterizations of Mg/SiC composite via compo-casting technique, Journal 
of American Science, 10 (2014) 196-202. 
251. Y. Yao, L. Jiang, G. Fu, L. Chen, Wear behavior and mechanism of B4C reinforced Mg-matrix composites 
fabricated by metal-assisted pressureless infiltration technique, Transactions of Nonferrous Metals Society 
of China, 25 (2015) 2543-2548. 
252. Y. Yao, L. Chen, Processing of B4C particulate-reinforced magnesium-matrix composites by metal-
assisted melt infiltration technique, Journal of Materials Science & Technology, 30 (2014) 661-665. 
253. M. Balakrishnan, I. Dinaharan, R. Palanivel, R. Sivaprakasam, Synthesize of AZ31/TiC magnesium matrix 
composites using friction stir processing, Journal of Magnesium and Alloys, 3 (2015) 76-78. 
254. M. Habibnejad-Korayem, R. Mahmudi, W.J. Poole, Enhanced properties of Mg-based nano-composites 
reinforced with Al2O3 nano-particles, Materials Science and Engineering A, 519 (2009) 198-203. 
255. M. Regev, H. Rosenson, Z. Koren, Microstructure study of particle reinforced AZ91D and AM50 
magnesium alloy semisolid casting, Materials Science and Technology, 23 (2007) 1485-1491. 
256. A. Luo, Processing, microstructure, and mechanical behavior of cast magnesium metal matrix composites, 
Metallurgical and Materials Transactions A, 26 (1995) 2445-2455. 
257. G.W. Liu, M.L. Muolo, F. Valenza, A. Passerone, Survey on wetting of SiC by molten metals, Ceramic 
International, 36 (2010) 1177-1187.  
258. C. Tekmen, F. Saday, U. Cocen, L.Y. Ljungberg, An investigation of the effect of SiC reinforcement 
coating on the wettability of Al/SiC system, Journal of Composite Materials, 42 (2008) 1671-1679. 
259. B.L. Mordike, P. Lukáč, Interfaces in magnesium-based composites, Surfaces and Interfaces in Materials, 
31 (2001) 682-691. 
260. H.Z. Ye, X.Y. Liu, Review of recent studies in magnesium matrix composites, Journal of Materials Science, 
39 (2004) 6153-6171. 
261. R.A Saravanan, M.K Surappa, Fabrication and characterisation of pure magnesium-30 vol.% SiCP particle 
composite, Materials Science and Engineering A, 276 (2000) 108-116. 
 148 
 
262. H. Fukuda, J.A. Szpunar, K. Kondoh, R. Chromik, The influence of carbon nanotubes on the corrosion 
behaviour of AZ31B magnesium alloy, Corrosion Science, 52 (2010) 3917-3923. 
263. S. Tiwari, R. Balasubramaniam, M. Gupta, Corrosion behaviour of SiC reinforced magnesium composites, 
Corrosion Science, 49 (2007) 711-725. 
264. L.H. Hihara, R.M. Latanision, Corrosion of metal matrix composites, International Materials Reviews, 39 
(1994) 245-264. 
265. L.H. Hihara, P.K. Kondepudi, The galvanic corrosion of SiC monofilament/ZE41 Mg metal-matrix 
composite in 0.5 M NaNO3, Corrosion Science 34 (1993) 1761-1772. 
266. N.N. Aung, W. Zhou, C.S. Goh, S.M.L. Nai, J. Wei, Effect of carbon nanotubes on corrosion of Mg–CNT 
composites, Corrosion Science, 52 (2010) 1551-1553. 
267. A. Pardo, S. Merino, M.C. Merino, I. Barroso, M. Mohedano, R. Arrabal, F. Viejo, Corrosion behaviour of 
silicon-carbide-particle reinforced AZ92 magnesium alloy, Corrosion Science, 51 (2009) 841-849. 
268. M. Bragaglia, G. Montesperelli, R. Montanari, Corrosion behavior of Al2O3/Al Metal Matrix Composites 
(MMC), Metallurgia Italiana, 5 (2015) 23-29. 
269. R. Davis, Aluminum and Aluminum Alloys, ASM International the Materials Information Society, USA 
(1993). 
270. R. Davis, Corrosion of Aluminum and Aluminum Alloys, ASM International the Materials Information 
Society, USA (1999). 
271. L.B. Ber, N. Kolobnev, E.N. Kablov, Heat Treatment of Aluminum Alloys, CRC Press (2015). 
272. E. Hollingsworth, H. Hunsicker, Metals handbook (9th ed.), ASM International the Materials Information 
Society, USA (1987). 
273. N. Khun, G.S. Frankel, J. Zimmerman, Investigation of surface morphology, wear resistance, and 
adhesiveness of AA6061-T6 treated in a hexafluorozirconic acid-based solution, CORROSION, 69 (2013) 
259-267. 
274. Can be find in: http://www.alcoa.com/car_truck/en/pdf/2014_Ducker_Executive_Summary.pdf. 
275. J.E. Hatch, Aluminium. Properties and Physical Metallurgy, ASM International the Materials Information 
Society Metals Park, Ohio, USA (1984). 
276. A. Iron in aluminum casting alloys- A literature survey, American Foundry Society, International Cast Met 
Journal, 6 (1981) 9-17. 
277. M. Warmuzek, Influence of heat treatment on the precipitation of the intermetallic phases in AlMn1FeSi, 
Proceedings of the 11th International Conference Achievements in Mechanical & Materials Engineering 
AMME, Gliwice-Zakopane, (2002). 
278. G. Mrówka-Nowotnik, J. Sieniawski, M. Wierzbińska, Analysis of intermetallic particles in AlSi1MgMn 
aluminium alloy, Journal of Achievements in Mechanical & Materials Engineering AMME, 20 (2007) 155-
158. 
279. Z. Zhang, H. Tezuka, T. Sato, Effects of the Mn/Fe ratio and cooling rate on the modification of Fe 
intermetallic compounds in cast A356 based alloy with different Fe contents, Materials Transactions, 54 
(2013) 1484-1490. 
280. H. Zhang, L. Li, D. Yuan, D. Peng, Hot deformation behavior of the new Al-Mg-Si-Cu aluminum alloy 
during compression at elevated temperatures, Materials Characterization, 58 (2007) 168-173. 
281. X. Duan, T. Sheppard, Simulation and control of microstructure evolution during hot extrusion of hard 
aluminium alloys, Materials Science and Engineering A, 351 (2003) 282-292. 
282. G. Phragmen, On the Phases Occurring in Alloys of Aluminum with Copper, Journal of the Institute of 
Metals, 77 (1950) 489-552. 
283. L. Arnberg, B. Aurivillius, The crystal structure of Al(x)Cu2Mg(12-x)Si7, (h-AlCuMgSi), Acta Chemica 
Scandinavica, 34A (1980) 1-5. 
284. L.F. Mondolfo, Aluminum Alloys: Structure and Properties, Butterworths, Boston, USA (1979). 
285. C. Wolverton, Crystal structure and stability of complex precipitate phases in Al-Cu-Mg-(Si) and Al-Zn-
Mg alloys, Acta Materialia, 49 (2001) 3129-3142. 
286. D.J. Chakrabartia, D.E. Laughlin, Phase relations and precipitation in Al-Mg-Si alloys with Cu additions, 
Progress in Materials Science, 49 (2004) 389-410. 
 149 
 
287. G.S. Frankel, Pitting corrosion of metals: a review of the critical factors, Journal of the Electrochemical 
Society, 145 (1998) 2186-2198. 
288. Z. Szklarska-Smialowska, Pitting corrosion of aluminum, Corrosion Science, 41 (1999) 1743-1767. 
289. K. Barton, Protection against Atmospheric Corrosion, VHC Verlag Weinhein (1973). 
290. R.E. Lobnig, D.J. Siconolfi, J. Maisano, G. Grundmeier, H. Streckel, R.P. Frankenthal, M. Stratmann, J.D. 
Sinclair, Atmospheric corrosion of aluminum in the presence of ammonium sulfate particles, Journal of the 
Electrochemical Society, 143 (1996) 1175-1182. 
291. D.B. Blücher, R. Lindström, J.E. Svensson, L.G. Johansson, The effect of  CO2 on the NaCl-induced 
atmospheric corrosion of aluminum, Journal of the Electrochemical Society, 148 (2001) B127-B131. 
292. W. Zhang, G.S. Frankel, Transitions between pitting and intergranular corrosion in AA2024, 
Electrochimica Acta, 48 (2003) 1193-1210. 
293. P. Schmutz, G.S. Frankel,Characterization of AA2024-T3 by scanning Kelvin probe force microscopy, 
Journal of The Electrochemical Society, 145 (1998) 2285-2295. 
294. J. Kruger, Passivity of metals - a materials science perspective, International Materials Reviews, 33 (1988) 
113-130. 
295. H.H. Strehblow, Mechanisms of Pitting Corrosion in Corrosion Mechanisms in Theory and Practice, New 
York, Basel, Marcel Dekker (2002). 
296. P.M. Natishan, E. McCafferty, G.K. Hubler, The effect of pH of zero charge on the pitting potential, Journal 
of the Electrochemical Society, 133 (1986) 1061-1062. 
297. P.M. Natishan, W.E. O’Grady, Chloride ion interactions with oxide-covered aluminum leading to pitting 
corrosion: a review, Journal of the Electrochemical Society, 161 (2014) C421-C432. 
298. N.L. Sukiman, X. Zhou, N. Birbilis, A.E. Hughes, J.M.C. Mol, S.J. Garcia, X. Zhou, G.E. Thompson, 
Chapter 2 in: Aluminium Alloys - New Trends in Fabrication and Applications; Durability and Corrosion 
of Aluminium and Its Alloys: Overview, Property Space, Techniques and Developments, InTech (2012). 
299. R.G. Buchheit, A compilation of corrosion potentials reported for intermetallic phases in aluminum alloys, 
Journal of the Electrochemical Society, 142 (1995) 3994-3996. 
300. N. Birbilis, R.G. Buchheit, Electrochemical characteristics of intermetallic phases in aluminum alloys an 
experimental survey and discussion, Journal of The Electrochemical Society, 152 (2005) B140-B151. 
301. W.M. Thomas, E.D. Nicholas, J.C. Needham, M.G. Murch, P. Templesmith, C.J. Dawes, G.B. Patent 
Application No. 9125978.8 (1991). 
302. C. Dawes, W. Thomas, The Welding Institute (TWI) Bulletin, UK (1995). 
303. R. Mishra, Z. Ma, Friction stir welding and processing, Materials Science and Engineering R, 50 (2005) 1-
78. 
304. B. London, M. Mahoney, B. Bingel, M. Calabrese, D. Waldron, Proceedings of the 3rd International 
Symposium on Friction Stir Welding, Kobe, Japan (2001). 
305. L.E. Murr, Y. Li, R.D. Flores, E.A. Trillo, J.C. McClure, Intercalation vortices and related microstructural 
features in the friction-stir welding of dissimilar metals, Material Research Innovations, 2 (1998) 150-163. 
306. R.S. Mishra, P.S. De, Partha Sarathi, N. Kumar, Friction Stir Welding and Processing, Springer (2014). 
307. R.S. Mishra, M.W. Mahoney, Friction Stir Welding and Processing, ASM International the Materials 
Information Society Metals Park, USA (2007). 
308. R.S. Mishra, M.W. Mahoney, Y. Sato, Y. Hovanski, R. Verma, Friction Stir Welding and Processing VI, 
The Minerals, Metals & Materials Society (2011). 
309. D. Lohwasser, Friction Stir Welding: From Basics to Applications, Woodhead Publishing (2009). 
310. Can be found in: http://www.twi-global.com/technical-knowledge/published-papers/industrialisation-of-
friction-stir-welding-for-aerospace-structures-december-2001/. 
311. C. Gallais, A. Simar, D. Fabregue, A. Denquin, G. Lapasset, B. de Meester, Y. Brechet, T. Pardoen, 
Multiscale analysis of the strength and ductility of AA 6056 aluminum friction stir welds, Metallurgical 
and Materials Transactions A, 38 (2007) pp 964-981. 
312. Y. Sato, H. Kokawa, M. Enomoto, S. Jogan, Microstructural evolution of 6063 aluminum during friction-
stir welding, Metallurgical and Materials Transactions A, 30 (1999) 2429-2437. 
 150 
 
313. W.B. Lee, Y.M. Yeon, S.B. Jung, Evaluation of the microstructure and mechanical properties of friction 
stir welded 6005 aluminum alloy, Materials Science and Technology, 19 (2003) 1513-1518. 
314. D. Lassance, D. Fabre`gue, F. Delannay, T. Pardoen, Micromechanics of room and high temperature 
fracture in 6xxx Al alloys, Progress in Materials Science, 52 (2007) 62-129. 
315. Y. Sato, H. Kokawa, M. Enomoto, S. Jogan, T. Hashimoto, Precipitation sequence in friction stir weld of 
6063 aluminum during aging, Metallurgical and Materials Transactions A, 30 (1999) 3125-3130. 
316. C.J. Dawes, W.M. Thomas, Development of improved tool designs for friction stir welding of aluminum’, 
Proceeding 1st International Conference on ‘Friction stir welding’, Thousand Oaks, CA, USA, TWI (1999). 
317. Y.N. Zhang, X. Cao, S. Larose, P. Wanjara, Review of tools for friction stir welding and processing, 
Canadian Metallurgical Quarterly, 51 (2012) 250-261. 
318. M. Iordachescu, E. Scutelnicu, D. Iordachescu, Fundamentals of the process and tools design: friction stir 
processing of materials, Welding Equipment and Technology, 17 (2006) 63-72. 
319. L. Dubourg, P. Dacheux, Design and properties of FSW tools: a literature review, Proceeding of 6th 
International Symposium on ‘Friction stir welding’, TWI, UK, 52 (2006) 62-69. 
320. R. J. Ding, P. A. Oelgoetz, Auto-adjustable probe tool for friction stir welding, US Patent no. 5893507 
(1999). 
321. W.M. Thomas, E.D. Nicholas, S.D. Smith, Friction stir welding-tool developments, Proceeding Aluminum 
Automotive and Joining Sessions, TMS, USA, (2001) 213-224. 
322. G. Sylva, R. Edwards and T. Sassa: ‘A feasibility study for self-reacting pin tool welding of thin section 
aluminum’, Proceeding 5th International Conference on ‘Friction stir welding’, Metz, France, TWI, (2004). 
323. F. Marie, D. Allehaux, B. Esmiller, Development of the bobbin tool technique on various Al alloys, 
Proceeding 5th International Conference on ‘Friction stir welding’, Metz, France, TWI, (2004). 
324. F. Wang,  J. Shen, S. Hu, J.F. dos Santos, Effect of tool rotational speed on the microstructure and 
mechanical properties of bobbin tool friction stir welding of Al–Li alloy, Materials & Design, 86 (2015) 
933-940. 
325. H. Zhang, M. Wang, X. Zhang, G. Yang, Microstructural characteristics and mechanical properties of 
bobbin tool friction stir welded 2A14-T6 aluminum alloy, Materials & Design, 65 (2015) 559-566. 
326. M.K. Sued, D. Pons, J. Lavroff, E.H. Wong, Design features for bobbin friction stir welding tools: 
Development of a conceptual model linking the underlying physics to the production process, Materials & 
Design, 54 (2014) 632-643. 
327. S.J. Chen, A.L. Lu, D.L. Yang, S. Lu, J.H. Dong, C.L. Dong, Analysis on flow pattern of bobbin tool 
friction stir welding for 6082 aluminum, Proceedings of the 1st International Joint Symposium on Joining 
and Welding, Osaka, Japan, 6-8 (2013) 353-358. 
328. H.J. Liu, J.C. Hou, H. Guo, Effect of welding speed on microstructure and mechanical properties of self-
reacting friction stir welded 6061-T6 aluminum alloy, Materials & Design, 50 (2013) 872-878. 
329. B. Fu, G. Qin, F. Li, X. Meng, Friction stir welding process of dissimilar metals of 6061-T6 aluminum 
alloy to AZ31B magnesium alloy, Journal of Materials Processing Technology, 218 (2015) 38-47. 
330. W.Y. Li, T. Fu, L. Hütsch, J. Hilgert, F.F. Wang, J.F. dos Santos, N. Huber, Effects of tool rotational and 
welding speed on microstructure and mechanical properties of bobbin-tool friction-stir welded Mg AZ31, 
Materials & Design, 64 (2014) 714-720. 
331. W. Thomas, C. Wiesner, Conventional and bobbin friction stir welding of 12% chromium alloy steel using 
composite refractory tool materials, Science and Technology of Welding and Joining, 14 (2009) 247-253.  
332. J. Leohold, O. Schroeter: ‘Superlight car project – an integrated research approach for lightweight car body 
innovations’, in ‘Innovative developments for lightweight vehicle structures’, Wolfsburg, Volkswagen, 
Germany, (2009) 25-40. 
333. Y. Uematsu, K. Tokaji, Y. Tozaki, T. Kurita, S. Murata, Effect of re-filling probe hole on tensile failure 
and fatigue behaviour of friction stir spot welded joints in Al–Mg–Si alloy, International Journal of Fatigue, 
30 (2008) 1956-1966. 
334. C.Y. Lee, D.H. Choi, Y.M. Yeon, S.B. Jung, Dissimilar friction stir spot welding of low carbon steel and 
Al–Mg alloy by formation of IMCs, Science and Technology of Welding and Joining, 14 (2009) 216-220. 
 151 
 
335. P. Venkateswaran, X. Li, A.P. Reynolds, Determination of mechanical properties of Al–Mg alloys 
dissimilar friction stir welded interface by indentation methods, Journal of Materials Science, 44 (2009) 
4140-4147. 
336. J. Yan, Z. Xu, Z. Li, L. Li, S. Yang, Microstructure characteristics and performance of dissimilar welds 
between magnesium alloy and aluminum formed by friction stirring, Scripta Materialia, 53 (2005) 585-589. 
337. J. Robson, A. Pa, P.B. Prangnell, Modelling intermetallic phase formation in dissimilar metal ultrasonic 
welding of aluminium and magnesium alloys, Science and Technology of Welding and Joining, 17 (2012) 
447-453. 
338. A. Panteli, J.D. Robson, I. Br, P.B. Prangnell, The effect of high strain rate deformation on intermetallic 
reaction during ultrasonic welding aluminium to magnesium, Materials Science and Engineering A, 556 
(2012) 31-42. 
339. V. Firouzdor, S. Kou, Al-to-Mg friction stir welding: effect of material position, travel speed, and rotation 
speed, Metallurgical and Materials Transactions A, 41A (2010) 2914-2935. 
340. N. Yamamoto, J. Liao, K. Nakata, Effect of intermetallic compound layer on tensile strength of dissimilar 
friction-stir weld of a high strength Mg alloy and Al alloy, Materials Transactions, 50 (2009) 2833-2838. 
341. G.S. Frankel, Z. Xia, Localized corrosion and stress corrosion cracking resistance of friction stir welded 
aluminum alloy 5454, CORROSION, 15 (1999) 139-150. 
342. K. Dudzik, M. Czechowski, Stress corrosion cracking of 5083 and 7020 aluminium alloys jointed by 
friction stir welding, Solid State Phenomena, 165 (2010) 37-42. 
343. R. Fonda, P. Pao, H. Jones, C. Feng, B.J. Connolly, A.J. Davenport, Microstructure, mechanical properties, 
and corrosion of friction stir welded Al 5456, Materials Science and Engineering A, 519 (2009) 1-8. 
344. F. Gharavi, K.A. Matori, R. Yunus, N.K. Othman, F. Fadaeifard, Corrosion behavior of Al6061 alloy 
weldment produced by friction stir welding process, Journal of Materials Research and Technology, In 
Press, Corrected Proof, Available online 13 March 2015. 
345. V. Fahimpour, S.K. Sadrnezhaad, F. Karimzadeh, Corrosion behavior of aluminum 6061 alloy joined 
by friction stir welding and gas tungsten arc welding methods, Materials & Design, 39 (2012) 329-333. 
346. J. Corral, E.A. Trillo, Y. Li, L.E. Murr, Corrosion of friction-stir welded aluminum alloys 2024 and 2195, 
Journal of Materials Science Letters, 19 (2000) 2117-2122. 
347. E. Bousquet, A. Poulon-Quintin, M. Puiggali, O. Devos, M. Touzet, Relationship between microstructure, 
microhardness and corrosion sensitivity of an AA 2024-T3 friction stir welded joint, Corrosion Science, 53 
(2011) 3026-3034. 
348. E.I. Meletis, P. Gupta, F. Nave, Stress corrosion cracking behavior of friction stir welded high-strength 
aluminum alloys, Proceeding of 12th TMS Annual Meeting (2003). 
349. S.J. Kalita, Microstructure and corrosion properties of diode laser melted friction stir weld of aluminum 
alloy 2024-T351, Applied Surface Science, 257 (2011) 3985-3997. 
350. G. Biallas, R. Braun, C.D. Donne, G. Staniek, W.A. Kaysser, Intergranular Corrosion Following Friction 
Stir Welding of 7075-T6 Aluminum, Proceedings of the 1st International Symposium on Friction Stir 
Welding, Thousand Oaks, CA, USA (1999). 
351. M. Jariyaboon, A. Davenport, R. Ambat, B. Connolly, S. Williams, D.A. Price, The effect of welding 
parameters on the corrosion behaviour of friction stir welded AA2024-T351, Corrosion Science, 49 (2007) 
877-909. 
352. D.A. Wadeson, X. Zhou, G.E. Thompson, P. Skeldon, L. Djapic Oosterkamp, G. Scamans, Corrosion 
behaviour of friction stir welded AA7108-T79 aluminium alloy, Corrosion Science, 48 (2006) 887-897. 
353. Y.C. Lim, L. Squires, T. Pan, M. Miles, G.L. Song, Y. Wang, Z. Feng, Study of mechanical joint strength 
of aluminum alloy 7075-T6 and dual phase steel 980 welded by friction bit joining and weld-bonding under 
corrosion medium Materials & Design, 69 (2015) 37-43. 
354. C.B. Bertoncello, S. Manhabosco, L. Dick, Corrosion study of the friction stir lap joint of AA7050-T76511 
on AA2024-T3 using the scanning vibrating electrode technique, Corrosion Science, 94 (2015) 359-367. 
355. J. Lumsden, G. Pollock, M. Mahoney, Effect of post weld heat treatments on the corrosion properties of 
FSW AA7050, Friction Stir Welding and Processing II, San Diego, USA (2003). 
356. C.S. Paglia, M.C. Carroll, B.C. Pitts, T. Reynolds, R.G. Buchheit, Strength, corrosion and environmentally 
assisted cracking of a 7075-T6 friction stir weld, Materials Science Forum, 396-402 (2002) 1677-1684. 
 152 
 
357. C.S. Paglia, R.G. Buchheit, The time–temperature–corrosion susceptibility in a 7050-T7451 friction stir 
weld, Materials Science and Engineering A, 492 (2008) 250-254. 
358. C.S. Paglia, K.V. Jata, R.G. Buchheit, A cast 7050 friction stir weld with scandium: microstructure, 
corrosion and environmental assisted cracking, Materials Science and Engineering: A, 424 (2006) 196-204. 
359. C.S. Paglia, R.G. Buchheit, A look in the corrosion of aluminum alloy friction stir welds, Scripta Materialia, 
58 (2008) 383-387. 
360. C. Gallais, A. Denquin, Y. Bréchet, Precipitation microstructures in an AA6056 aluminium alloy after 
friction stir welding: Characterisation and modelling, Materials Science and Engineering A, 496 (2008) 77-
89. 
361. ASTM American Society for Testing of Materials. ASTM B 117-07a Standard Practice for Operating Salt 
Spray (Fog) Apparatus, 2007.  
362. C.H. Simpson, C.J. Ray, and B.S. Skerry, Accelerated corrosion testing of industrial maintenance paints 
using a cyclic corrosion weathering method, Journal of Protective Coatings Linings, 12 (2000) 1-9. 
363. J. Balej, Water vapour partial pressures and water activities in potassium and sodium hydroxide solutions 
over wide concentration and temperature ranges, International Journal of Hydrogen Energy, 10 (1985), 
233-243. 
364. ASTM American Society for Testing of Materials. ASTM B 117-07a Standard Practice for Operating Salt 
Spray (Fog) Apparatus, 2007.  
365. C.H. Simpson, C.J. Ray, and B.S. Skerry, Accelerated corrosion testing of industrial maintenance paints 
using a cyclic corrosion weathering method, Journal of Protective Coatings Linings, 12 (2000) 1-9. 
366. An Information sheet, Salt spray testing – why it should not be used to compare different types of coatings, 
European General Galvanizers Association (2013). 
367. M. Esmaily, M. Ström, J.E. Svensson, M. Halvarsson, L.G. Johansson, Corrosion behavior of alloy AM50 
in semisolid cast and high-pressure die cast states in cyclic conditions, CORROSION, 71 (2015) 737-748. 
368. Can be found in: https://en.wikipedia.org/wiki/Salt_spray_test. 
369. M. Spencer, Fundamentals of Light Microscopy, Cambridge University Press, UK (1982). 
370. W. Zhou, R. Apkarian, Z. Wang, Fundamentals of Scanning Electron Microscopy (SEM), Springer (2007). 
371. S. Amelinckx, D. Dyck, J. Landuyt, G. Tendeloo, Electron Microscopy: Principles and Fundamentals, VHC 
Verlag Weinhein (2008). 
372. A.J. Schwartz, M. Kumar, B.L. Adams, D.P. Field, Electron Backscatter Diffraction in Materials Science, 
Springer (2009). 
373. N. Mortazavi, M. Esmaily, M. Halvarsson, The capability of Transmission Kikuchi Diffraction technique 
for characterizing nano-grained oxide scales formed on a FeCrAl stainless steel, Materials Letters, 147 
(2015) 42-45. 
374. D. Stokes, Principles and Practice of Variable Pressure: Environmental Scanning Electron Microscopy (VP-
ESEM), VHC Verlag Weinhein (2011). 
375. N. Mortazavi, L. Intiso, N. Israelsson, L.G. Johansson, M. Halvarsson, In Situ ESEM Investigation of KCl-
Induced Corrosion of a FeCrAl and a Model FeNiCrAl Alloy in Lab Air at 450°C, Journal of The 
Electrochemical Society, 162 (2015) C744-C753. 
376. N. Mortazavi, L. Intiso, M. Halvarsson, L.G. Johansson, Investigating the Initial Stages of KCl-Induced 
Corrosion of a Chromia Stainless Steel Using ESEM in-Situ and Well-Controlled Ex-Situ Exposures at 
450°C, ECS Meeting Abstracts, Mexico (2014) 804-804. 
377. T. Jonsson, B. Pujilaksono, S. Hallström, J. Ågren, J.E. Svensson, L.G. Johansson, M. Halvarsson, An 
ESEM in situ investigation of the influence of H2O on iron oxidation at 500°C, Corrosion Science, 51 
(2009) 1914-1924. 
378. T. Jonsson, N. Folkeson, J.E. Svensson, L.G. Johansson, M. Halvarsson, An ESEM in situ investigation of 
initial stages of the KCl induced high temperature corrosion of a Fe-2.25Cr-1Mo steel at 400°C, Corrosion 
Science, 53 (2011) 2233-2246. 
379. D.B. Williams, C.B. Carte, Transmission Electron Microscopy: A Textbook for Materials Science, Springer 
(1996). 
380. M. Hayat, Basic Techniques for Transmission Electron Microscopy, Elsevier (1986). 
 153 
 
381. A.L. Giannuzzi, Introduction to Focused Ion Beams, Springer (2005). 
382. Y.N. Picard, D.P Adams, M.J. Vasile, M.B. Ritchey, Focused ion beam-shaped microtools for ultra-
precision machining of cylindrical components, Precision Engineering, 27 (2003) 59-69. 
383. R. Cerchiara, P. Fischione, J. Lange, P. Woods, J. Matesa, M. Boccabella, A. Robins, Preparation of 
Materials for EBSD using an Adjustable Broad Beam Ion Source. Microscopy and Microanalysis, 17 (2011) 
390-391. 
384.  Y. Waseda, E. Matsubara, K. Shinoda, X-Ray Diffraction Crystallography Introduction, Examples and 
Solved Problems - Tutorial-Like Scientific Monograph on X-ray Diffraction Analysis, Springer (2011). 
385. R. Griffiths, J.D. Haseth, Fourier Transform Infrared Spectrometry, WILLY (2007). 
386. Can be found in: https://en.wikipedia.org/wiki/Fourier_transform_infrared_spectroscopy. 
387. D.M. Desiderio, Analysis of Neuropeptides by Liquid Chromatography and Mass Spectrometry, Elsevier 
(1984). 
388. J. Weiss, T. Weiss, Handbook of Ion Chromatography, Completely Revised and Enlarged Edition. John 
Wiley and Sons (2005). 
389. J.M. Wagner, X-Ray Photoelectron Spectroscopy, an e-book by Nova Science Publisher, Chemical 
Engineering Methods and Technology Series (2010). 
390. H. Bluhm, X-ray photoelectron spectroscopy (XPS) for in situ characterization of thin film growth, In Situ 
Characterization of Thin Film Growth, A volume in Woodhead Publishing Series in Electronic and Optical 
Materials, (2011) 75-98. 
391. M. Repoux, Comparison of background removal methods for XPS, Surface and Interface Analysis, 18 
(1992) 567-570. 
392. G. McGuire, Auger Electron Spectroscopy Reference Manual, A Book of Standard Spectra for 
Identification and Interpretation of Auger Electron Spectroscopy Data, Springer (1979). 
393. J.T. Gran. Auger Electron Spectroscopy - Electron Techniques, John Wiley & Sons, Inc. (2003). 
394. J. Grams, New Trends and Potentialities of ToF-SIMS in Surface Studies, Nova Science Publisher (2007). 
395. B.A. Keller, P. Hug, Time-of-flight secondary ion mass spectrometry of industrial materials, Analytica 
Chimica Acta, 393 (1999) 201-212. 
396. G. Haugstad, Atomic Force Microscopy: Understanding Basic Modes and Advanced Applications, John 
Wiley & Sons, Inc. (2012). 
397. M.F. Hurley, C.M. Efaw, P.H. Davis, J.R. Croteau, E. Graugnard, N. Birbilis, Volta potentials measured 
by scanning kelvin probe force microscopy as relevant to corrosion of magnesium alloys, CORROSION, 
71 (2015) 160-170. 
398. K.A. Yasakau, A.N. Salak, M.L. Zheludkevich, M.G. S. Ferreira, Volta potential of oxidized aluminum 
studied by scanning kelvin probe force microscopy, The Journal of Physical Chemistry A (ACS 
Publications), 114 (2010) 8474-8484. 
399. N.L. Johnson, A.W. Kemp, S. Kotz, Univariate Discrete Distributions, third ed., Wiley Series in Probability 
and Statistics, A Wiley-Interscience Publication, John Wiley and Sons, New York, USA (2005). 
400. W.H. Walton, Feret‘s statistical diameter as a measure of particle size, Nature, 162 (1948) 329-330. 
401. K.J. Kurzydlowski, Microstructure-sensitive Design for Performance Optimization, CRC Press (1995). 
402. M.L. Duryea, P.M. Dougherty, Forest Regeneration Manual, Springer Science + Business Media (1990). 
403. C.M. Ng, S. Ong, H.M. Sivastava, A class of bivariate negative binomial distributions with different index 
parameters in the marginal, Applied Mathematics and Computation, 217 (2010) 3069-3087. 
404. Can be found in: http://www.astm.org/Standards/B557M.htm. (Standard Test Methods for Tension Testing 
Wrought and Cast Aluminum- and Magnesium-Alloy Products (Metric)). 
405. C.I. Chang, X.H. Du, J.C. Huang, Achieving ultrafine grain size in Mg-Al-Zn alloy by friction stir 
processing, Scripta Materialia, 57 (2007) 209-212. 
406. M. Jönsson, D. Persson, D. Thierry, The influence of the microstructure on the atmospheric corrosion 
behaviour of magnesium alloys AZ91D and AM50, Corrosion Science, 52 (2010) 1077-1085. 
407. S.J. Yao, D.Q. YI, S. Yang, X.H. Cang, W.X. Li, Effect of Sc on microstructures and corrosion properties 
of AZ91, Materials Science Forum, 546-549 (2007) 139-142. 
 154 
 
408. W. Zhou, N.N. Aung, Y. Sun, Effect of antimony, bismuth and calcium addition on corrosion and 
electrochemical behaviour of AZ91 magnesium alloy, Corros. Sci. 51 (2009) 403-408. 
409. R. Arrabal, A. Pardo, M.C. Merino, K. Paucar, M. Mohedano, P. Casajús, G. Garcés, Influence of Gd on 
the corrosion behavior of AM50 and AZ91D magnesium alloys, Corrosion, 68 (2012) 398-410. 
410. R. Arrabal, A. Pardo, M. C. Merino, M. Mohedano, P. Casajús, K. Paucar, E. Matykina, Oxidation behavior 
of AZ91D magnesium alloy containing Nd or Gd, 76 (2011) 433-450. 
411. H. Watanabe, T. Mukai, K. Ishikawa, Effect of temperature of differential speed rolling on room 
temperature mechanical properties and texture in an AZ31 magnesium alloy, Journal of Materials 
Processing Technology, 182 (2007) 644-647. 
412. W.J. Kim, C.W. An, Y.S. Kim, S.I. Hong, Mechanical properties and microstructures of an AZ61 Mg Alloy 
produced by equal channel angular pressing, Scripta Materialia, 47 (2002) 39-44. 
413. M. Liu, D. Qiu, M. Zhao, G. Song, A. Atrensa, The effect of crystallographic orientation on the active 
corrosion of pure magnesium, Scripta Materialia, 58 (2008) 421-424. 
414. K.S. Shin, M.Z Bian, N.D. Nam, Effects of crystallographic orientation on corrosion behavior of 
magnesium single crystals, Journal of Materials Science, 64 (2012) 664-670. 
415. G. Murray, C.V. White, W. Weise, Introduction to Engineering Materials: Behavior: Properties, and 
Selection, CRC Press (1993). 
416. G. Chang, S. Chen, X. Yue, Research of {0001} crystal orientation for magnesium alloys solidified in a 
fashion of cellular crystals, International Journal of Minerals, Metallurgy, and Materials, 19 (2012) 136-
140. 
417. M. Jönsson, D. Persson, D. Thierry, Corrosion product formation during NaCl induced atmospheric 
corrosion of magnesium alloy AZ91D, Corrosion Science, 49 (2007) 1540-1558. 
418. Y. Jang, Z. Tan, C. Jurey, Z. Xu, Z. Dong, B. Collins, Y. Yun, J. Sankar, Understanding corrosion behavior 
of Mg–Zn–Ca alloys from subcutaneous mouse model: Effect of Zn element concentration and plasma 
electrolytic oxidation, Materials Science and Engineering: C, 48 (2015) 28-40. 
419. M. Jönsson, D. Persson, C. Leygraf, Atmospheric corrosion of field-exposed magnesium alloy AZ91D, 
Corrosion Science, 50 (2008) 1406-1413. 
420. L. Yang, Y. Li, Y. Wei, L. Hou, Y. Li, Y. Tian, Atmospheric corrosion of field-exposed AZ91D Mg alloys 
in a polluted environment, Corrosion Science, 52, Issue 6, June 2010, Pages 2188–2196. 
421. M. Werner, S. Hariharan, M. Mazzotti, Flue gas CO2 mineralization using thermally activated serpentine: 
from single- to double-step carbonation, Physical Chemistry Chemical Physics, 16 (2014) 24978-24993. 
422. W.B. White, Thermodynamic equilibrium, kinetics, activation barriers, and reaction mechanisms for 
chemical reactions in Karst Terrains, Environmental Geology, 30 (1997) 46-58. 
423. L. Yang, Y. Li, Y. Wei, L. Hou, Y. Li, Y. Tian, Atmospheric corrosion of field-exposed AZ91D Mg alloys 
in a polluted environment, Corrosion Science, 52 (2010) 2188-2196. 
424. Y. Li, Y. Wei, L. Hou, P. Han, Atmospheric corrosion of AM60 Mg alloys in an industrial city environment, 
Corrosion Science, 69 (2013) 67-76. 
425. Z.Cui, X. Li, K. Xiao, C. Dong, Atmospheric corrosion of field-exposed AZ31 magnesium in a tropical 
marine environment, Corrosion Science, 76 (2013) 243-256. 
426. H. Strandberg, L.G. Johansson, Role of  O3 in the atmospheric corrosion of copper in the presence of  SO2, 
Journal of the Electrochemical Society, 144 (1997) 2334-2342. 
427. J.E. Svensson, L.G. Johansson, A laboratory study of the effect of ozone, nitrogen dioxide, and sulfur 
dioxide on the atmospheric corrosion of zinc, Journal of the Electrochemical Society, 140 (1993) 2210-
2216. 
428. J. Chen, J.Q. Wang, E.H. Han, W. Ke, Effect of temperature on initial corrosion of AZ91 magnesium alloy 
under cyclic wet-dry conditions, Corrosion Engineering Science and Technology, 46 (2011) 267-277. 
429. A.E. Martell, R.M. Smith, Critical stability constants, London: Plenum Press (1974-1989). 
430. Z. Liu, R. Ma, M. Osada, N. Iyi, Y. Ebina, K. Takada, T. Sasaki, Synthesis, anion exchange, and 
delamination of Co-Al layered double hydroxide: assembly of the exfoliated nanosheet/polyanion 
composite films and magneto-optical studies, Journal of the American Chemical Society, 128 (2006) 4872-
4880. 
 155 
 
431. F. Cavani, F. Trifirò, A. Vaccari, Hydrotalcite-type anionic clays: preparation, properties and applications, 
Catalysis Today, 11 (1991) 173-301. 
432. X. Duan, D.G. Evans, Layered Double Hydroxides, Structure and Bonding, Springer-Verlag, Berlin, 
Heidelberg (2006). 
433. Can be found in: http://pubs.rsc.org/en/content/articlehtml/2014/cs/c4cs00160e. 
434. D.G. Evans, Structural aspects of layered double hydroxides Layered double hydroxides, Springer (2015). 
435. M. Lindgren, I. Panas, Impact of additives on zirconium oxidation by water: mechanistic insights from first 
principles, RSC Advances, 3 (2013) 21613-21619. 
436. M. Lindgren, G. Sundell, I. Panas, L. Hallstadius, M. Thuvander, H.O. Andrén, Toward a comprehensive 
mechanistic understanding of hydrogen uptake in zirconium alloys by combining atom probe analysis with 
electronic structure calculations, Proceeding of the ASTM 17th International Symposium on Zirconium in 
the Nuclear Industry, India (2014) 525-539. 
437. M. Lindgren, I. Panas, Confinement dependence of electro-catalysts for hydrogen evolution from water 
splitting, Beilstein Journal of Nanotechnology, 5 (2014) 195-201. 
438. H.P. Godard, W.B. Jepson, M.R. Bothwell, L. Kane, The Corrosion of Light Metals, New York: John Wiley 
and Sons, (1967). 
439. H.D. Hui, P.V. Strekalov, Y.N. Mikhailovskii, D.T. Bin, A.A. Mmikhailov, Composition and 
microstructure of corrosion products of alluminum and MA2-1 magnesium alloy in the wet tropical climate 
of Vietnam, Protection of Metals, 30 (1994) 506-508. 
440. B. Sels, D.D. Vos, M. Buntinx, F. Pierard, A. Mesmaeker, P. Jacobs, Layered double hydroxides exchanged 
with tungstate as biomimetic catalysts for mild oxidative bromination, Nature, 400 (1999) 855-857. 
441. J. Wang, D. Li, X. Yu, X. Jing, M. Zhang, Z. Jiang, Hydrotalcite conversion coating on Mg alloy and its 
corrosion resistance, Journal of Alloys and Compounds, 494 (2010) 271-274. 
442. F.Z. Zhang, L.L. Zhao, H.Y. Chen, S.L. Xu, D.G. Evans, X. Duan, Corrosion resistance of 
superhydrophobic layered double hydroxide films on aluminum, Angewandte Chemie International, 120 
(2008) 2500-250.  
443. Can be found in: https://en.wikiquote.org/wiki/Albert_Einstein. 
444. B. Inem, G. Pollard, Interface structure and fractography of a magnesium-alloy, metal-matrix composite 
reinforced with SiC particles. Journal of Materials Science, 28 (1993) 4427-4434. 
445. F. Mirshahi, M. Meratian, M. Panjepour, Microstructural and mechanical behavior of Mg/Mg2Si composite 
fabricated by a directional solidification system, Materials Science and Engineering, 528A (2011) 8319-
8323. 
446. M. Taheri, J.R. Kish, N. Birbilis, M. Danaie, E.A. McNally, J.R. McDermid, Towards a physical description 
for the origin of enhanced catalytic activity of corroding magnesium surfaces, Electrochimica Acta, 116 
(2014) 396-403. 
447. L. Commin, M. Dumont, J.-E. Masse, L. Barrallier, Friction stir welding of AZ31 magnesium alloy rolled 
sheets: Influence of processing parameters, Acta Materialia, 57 (2009) 326-334. 
448. W.J. Arbegast, P.J. Hartley, In: Proceedings of the fifth international conference on trends in welding 
research, Pine Mountain, GA, USA (1998). 
449. A. Arora, T. DebRoy, H.K.D.H. Bhadeshia, Back-of-the-envelope calculations in friction stir welding – 
Velocities, peak temperature, torque, and hardness, Acta Materialia, 59 (2011) 2020-2028. 
450. A. Arora, R. Nandan, A.P. Reynolds, T. DebRoy, Torque, power requirement and stir zone geometry in 
friction stir welding through modelling and experiments, Scripta Materialia, 60 (2009) 13-16. 
451. A. Heidarzadeh, T. Saeid, A comparative study of microstructure and mechanical properties between 
friction stir welded single and double phase brass alloys, Materials Science and Engineering A, 649 (2016) 
349-358. 
452. T. Saeid, A. Abdollah-zadeh, Effect of friction stir welding speed on the microstructure and mechanical 
properties of a duplex stainless steel, Materials Science and Engineering A, 496 (2008) 262-268. 
453. V.S. Gadakh, K. Adepu, Heat generation model for taper cylindrical pin profile in FSW, Journal of 
Materials Research and Technology,  2 (2013) 370-375. 
 156 
 
454. E. Feulvarch, J. Roux, J. Berg, A simple and robust moving mesh, technique for the finite element 
simulation of friction stir welding, Journal of Computational and Applied Mathematics, 246 (2013) 269-
277. 
455. K. Masaki, Y.S. Sato, M. Maeda, H. Kokawa, Experimental simulation of recrystallized microstructure in 
friction stir welded Al alloy using a planestrain compression test, Scripta Materialia, 58 (2008) 355-360. 
456. G. Buffa, J. Hua, R. Shivpuri, L. Fratini, Design of the friction stir welding tool using the continuum based 
FEM model, Materials Science and Engineering A, 419 (2006) 381-388. 
457. P.A. Colegrove, H.R. Shercliff, Development of trivex friction stir welding tool part 2 – three-dimensional 
flow modeling, Science and Technology of Welding and Joining, 9 (2004) 352-361. 
458. P.A. Colegrove, H.R. Shercliff, CFD modeling of friction stir welding of thick plate 7449 aluminum alloy, 
Science and Technology of Welding and Joining, 11 (2006) 429-441. 
459. R. Nandan, G.G. Roy, T.J. Lienert, T. DebRoy, Three-dimensional heat and material flow during friction 
stir welding of mild steel, Acta Materialia, 55 (2007) 883-895. 
460. R.S. Mishra, M.W. Mahoney, Friction Stir Welding and Processing, ASM International (2007). 
461. A.P. Reynolds, Relationships between weld parameters, hardness distribution and temperature history in 
alloy 7050 friction stir welds, Science and Technology of Welding and Joining, 10 (2005) 190-199. 
462. J.W. Pew, T.W. Nelson, C.D.  Sorensen, Torque based weld power model for friction stir welding, Science 
and Technology of Welding and Joining, 12 (2007) 341-347. 
463. T. Long, W. Tang, A.P. Reynolds, Process response parameter relationships in aluminium alloy friction stir 
welds, Science and Technology of Welding and Joining, 12 (2007) 311-317. 
464. J. Yan, M. A. Reynolds, Process–structure–property relationships for nugget and heat affected zone regions 
of AA2524–T351 friction stir welds, Science and Technology of Welding and Joining, 10 (2005) 725-736. 
465. T. Dorin, N. Stanford, N. Birbilis, R.K. Gupta, Influence of cooling rate on the microstructure and corrosion 
behavior of Al–Fe alloys, Corrosion Science, 100 (2015) 396-403. 
466. J.O. Park, C.H. Paik, Y.H. Huang, R.C. Alkire, Influence of Fe rich intermetallic inclusions on pit initiation 
on aluminum alloys in aerated NaCl, Journal of the Electrochemical Society, 146 (1999) 517-523.  
467. A. Oosterkamp, L.D. Oosterkamp, A. Nordeide, ‘Kissing Bond’ phenomena in solid-state welds of 
aluminum alloys, Welding Research, 1 (2004) 225S-231S. 
468. M. Kadlec, R. Ruzek, R. Ruzek, L. Nováková, L. Nováková, K. Nor, F. Perrier, A. Nguyen-Dinh, Influence 
of the kissing bond defect to the fatigue life in friction stir welds of AA7475-T7351 aluminium alloy, in 
Proceeding of the 10th International Symposium on Friction Stir Welding, At Beijing, China, (2015). 
469. M. Peel, A. Steuwer, M. Preuss, P.J. Withers, Microstructure, mechanical properties and residual stresses 
as a function of welding speed in aluminium AA5083 friction stir welds, Acta Materialia, 51 (2003) 4791-
4801. 
470. H. Liu, H. Fujii, M. Maeda, K. Nogi, Tensile properties and fracture locations of friction-stir welded joints 
of 6061-T6 aluminum alloy, Journal of Materials Science Letters, 22 (2003) 1061-1063. 
471. J.A. Warren, T. Pusztai, L. Környei, L. Gránásy, Phase field approach to heterogeneous crystal nucleation 
in alloys, Physical Review B, 79, (2009) art. No. 014204. 
472. J. Simmons, Y. Wenb, C. Shen, Microstructural development involving nucleation and growth phenomena 
simulated with the Phase Field method, Materials Science and Engineering A, 365 (2004) 136-143. 
473. Y.H. Wen, J.P. Simmons, C. Shen, C. Woodward, Y. Wang, Phase-field modeling of bimodal particle size 
distributions during continuous cooling, Acta Materialia, 51 (2003) 1123-1132. 
474. M.S. Park, R. Arroyave, Formation and growth of intermetallic compound Cu6Sn5 at early stages in lead-
free soldering, Journal of ELectronic Materials, 39 (2010) 2574-2582. 
475. L. Wang, Y. Wang, P. Prangnell, J. Robson, Modeling of intermetallic compounds growth between 
dissimilar metals, Metallurgical And Materials Transactions A, 46A (2015) 4106-4114. 
476. M. Esmaily, J.E. Svensson, L.G. Johansson, Predicting the formation of intermetallic compound layers 
during friction stir welding, submitted to Materials and Letters (2016). 
 
 
